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Abstract
Most modern architectural glazing are coated with at least one low emissivity layer stack. As
a consequence of deploying those coatings, the heat transfer through the glazing can be sig-
nificantly minimized. The desired heat-insulating properties result from the low emissivity in
the infrared (IR) achieved by employing a thin metal film. Consequently, the majority of in-
dustrially fabricated low emissivity coatings on glass feature a layer stack including a thin silver
film. DC magnetron sputtering is the preferred fabrication process in the architectural glaz-
ing industry for the deposition of low emissivity films due to the inherent advantages of this
fabrication process like the homogeneous and time-efficient coating of large glass substrates.
Thus, all layers discussed throughout this work are deposited by magnetron sputtering. To
improve the efficiency of these coatings, the emissivity in the infrared needs to be decreased.
This is equivalent to a maximization of the IR reflectance. Due to a fundamental link between
the IR reflectance and the electrical resistance, the intended efficiency improvement can be
achieved by a reduction of the electrical resistance of the silver film. The application of seed
layers, namely ZnO, is a known method to decrease the resistance. In this context, the zinc ox-
ide is used as a template to tailor the texture of silver thin films. Hence, one goal of the present
work is to investigate the corresponding interface of the standard Ag/ZnO system to improve
the understanding of this layer stack and to identify ways to obtain silver thin films with an
improved structural quality in the thickness range between 8 nm to 12 nm. In particular one
of the main objectives is the analysis of the epitaxial relationship between Ag and ZnO. Hence,
various analysis techniques are employed to characterize and gain new insights about this sys-
tem. Primarily, these techniques comprise electrical and structural characterization methods
to correlate the film resistance with the structural quality of the Ag film and its relation to the
substrate. To this end, different transport measurements are utilized including temperature
dependent resistance measurements, whereas the structural characterization focuses on x-ray
diffraction and transmission electron microscopy.
In addition, the influence of alternative seed layers on silver thin films is analyzed. Two suitable
approaches for the modification of the silver structure have been identified and were tested.
The first approach features the integration of an additional seed layer, namely NiO, whereas
the second one is based on using hydrogen-passivated, (111) oriented silicon (HF-etched Si)
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substrates for the silver deposition. In both cases, the focus is on the interplay between seed
layer and functional silver film. Particularly, it has been analyzed whether the silver structure
and the electrical properties can be improved by these alternative seed layers. In detail, it has
been also tested if the texture can be changed and whether the different seed layers have a
pronounced impact on the percolation limit of the silver thin film or not.
vi
Chapter 1
Introduction
Thin silver (Ag) films are of great relevance for our daily life but the importance and area of
application does not directly strike the eye of an unknowing observer. In the case of thin silver
films the main field of application is for heat-insulating architectural glazing [1]. Taking into
consideration the current topics of sustainability and green energy, the relevance of this use
becomes immediately clear. In the worldwide pursuit of reducing the dependency of mankind
on finite fossil fuels and achieving a higher degree of sustainability, taking steps towards a re-
duction of energy waste and an improved energy conservation are crucial. Under these condi-
tions, low emissivity (low-E) glazing can make a significant contribution to the on-going efforts
in saving energy. Modern architecture features extensive use of glass fronts in buildings due
to the outstanding and fascinating properties of glass as well as its look that is currently felt to
be state-of-the-art. Regarding the unique properties of glass, foremost its high transparency
in the visible spectrum comes to mind as well as the possibility for easy and inexpensive high
throughput fabrication. Negative consequences arising from utilizing glass as a construction
material originate from the low reflection in the far and near infrared which leads to undesired
radiation losses on the one hand and the need for room cooling to counter heating through
solar radiation on the other hand [2]. Considering the thermal radiation losses through the
different parts of a building, it is noticed that windows are responsible for most of the energy
waste. Expressed in fuel units per year and square meter, the resulting heat dissipation is equal
to 10 liter/(m2 year) to 40 liter/(m2 year) for windows, 3 liter/(m2 year) to 20 liter/(m2 year) for
the roof and 2 liter/(m2 year) to 15 liter/(m2 year) for the exterior walls [3]. Thus, these disad-
vantages of glass facades create a huge potential for saving energy by tailoring the properties
of architectural glazing. At the same time, the increasing demand illustrates the necessity of
continuously investing in further improving low-E glazing to make the fabrication even more
efficient and to help conserving significant amounts of energy [4].
The realization of low-E coatings is based on a layer stack featuring one or more thin silver
films each with a layer thickness between 8 nm to 12 nm and the system capitalizes on the high
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reflectivity of silver in the infrared region. Since the emissivity is linked to the conductance of
the silver thin film, an improvement of the conductivity of the films employed is equivalent
to a decrease of emissivity [5]. Thus, the goal of the thesis is finding new, alternative ways to
improve the electrical properties of silver thin films because a lower emissivity of the glazing in
the infrared minimizes the heat transfer through the window,
In this context, the present study especially focuses on the relation between electrical and
structural properties of the silver thin films analyzed. To this end, special attention is paid
to the influence of seed layers used to tailor the properties of the functional silver films. In
the work at hand, mainly zinc oxide (ZnO) seed layers are investigated because it is well-known
that ZnO influences the growth of the subsequent silver layer. In particular, the textured growth
of the zinc oxide with hexagonal wurtzite structure leads to an improved Ag (111) out-of-plane
texture that is accompanied by improved electrical properties. For those long-standing rea-
sons, zinc oxide is also the standard seed layer applied in industrial layer stacks. However, the
lattice mismatch between ZnO and Ag is rather disadvantageous. Hence, one major goal has
been building a fundamental understanding of the impact of an improved lattice mismatch on
the silver resistivity. In addition, alternative seed layers are also tested in the present work. In
particular, experiments with nickel oxide seed layers which possess a NaCl structure as well as
hydrogen-passivated, (111) oriented silicon (HF-etched Si) substrates are performed. The fo-
cus is on the interplay between seed layer and functional silver film. Particularly, it has been
analyzed if the silver structure can be significantly improved by alternative seed layers. In or-
der to do so, the chosen substrates either offer a better lattice match (NiO) or feature an even
higher crystallinity and a more pronounced texture (HF-etched Si) than ZnO. Moreover, it has
been also tested if the texture can be changed and whether the different seed layers have a
pronounced impact on the percolation limit of the silver thin film. Additional layers are only
deposited to encapsulate the layer stack or further modify the seed layer below the silver film.
In comparison, industrially fabricated low-E systems are comprised of several layers that are
needed to smoothen and encapsulate the functional film to ensure the optimal conductance
as well as the long term stability of the whole layer stack [6]. In order to achieve a layer stack
that is transparent in the visible spectral range, anti-reflection coatings are included in the layer
stack [7], [8]. Therefore, two dielectric films are employed that are deposited below and above
the functional film, respectively. A schematic view of such a layer stack can be seen in Fig. 1.1.
As standard, the previously presented, industrially produced low-E coatings are fabricated by
magnetron sputtering. In general, magnetron sputtering is the preferred coating process in the
architectural glazing industry [9]. This is based on the inherent advantages of the fabrication
process for the deposition of coatings on large glass substrates. Sputtering enables the depo-
sition of a homogeneous coating on large area substrates paired with an excellent scalability
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Figure 1.1: The sketch outlines the composition of a typical industrial low-E layer stack. (a) displays
the sequence of the different layers with the actual functional silver thin film marked in blue and the
zinc oxide seed layer colored in orange. (b) demonstrates the position of the layer stack in a double-
glazed window. The coating is located on the inner pane, at the surface opposite to the inside of the
building, as evidenced by the direction of the incident sunlight.
at a relatively low deposition temperature [10], [11], [12]. Furthermore, a wide range of film
properties can be tuned and precisely controlled in the sputter process. The sputtered layers
can be altered by changing the deposition conditions such as power, current or pressure dur-
ing sputtering. Hence, comparable to the industrial fabrication process, Ag thin films which
are deposited by magnetron sputtering on ZnO seed layers are investigated in this work. In
addition, the sputter process itself can be modified by introducing an additional reactive gas.
In such a reactive process, the reactive gas, like oxygen or nitrogen, is utilized to achieve an
oxidation or nitration of the chosen metal. This enables the deposition of the corresponding
oxide or nitride film, in the present case namely ZnO and NiO. Hence, there are several specific
parameters, which are only accessible in a reactive process, for example oxygen flow or setting
a certain oxygen partial pressure for a chosen total pressure, that can be used to tailor layer
properties as well.
In summary, silver thin films play an essential role in the fabrication of so-called low-E win-
dows since those coatings sputtered onto a glass window act as a mirror for infrared radiation.
At the same time, visible light can penetrate the window without being significantly absorbed
or reflected. By this approach, the thermal insulation capability of a window can be improved
substantially. Since the silver IR reflectivity is directly proportional to the electrical conductiv-
ity of the thin film, highly conductive Ag films have to be fabricated for a high performance
product. In industrial applications, this is nowadays achieved by employing DC magnetron
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sputtered, textured ZnO seed layers to tailor the Ag structure. Nevertheless, the conductivity
of such an optimized Ag thin film is far below the conductivity of a silver single crystal. The
reason for this deviation between bulk and thin film is unclear so far. Extending the knowledge
about the underlying mechanisms is essential for the optimization of Ag thin films. During the
course of the thesis, the influence of the different seed layers applied and the related fabrica-
tion parameters employed as well as the resulting properties and the characteristics of the thin
silver films on top are highlighted and analyzed in detail. In the next chapter the materials and
their specific properties will be introduced (chapter 2), followed by an overview of the sput-
tering process and the analytical techniques employed (chapter 3) focusing on the advantages
offered by x-ray methods for the structural examination of silver and the seed layers. Subse-
quently, the experimental results regarding the relation between the structural and electrical
silver properties as well as the impact of different seed layers will be presented in chapter 4
and chapter 5. The last two chapters comprise a summary (chapter 6) that points out the most
important achievements as well as an outlook that concludes the present work (chapter 7).
4
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Materials
In the present work silver thin films are investigated with respect to their structural and elec-
trical properties focusing on the improvement of the silver thin film sheet resistance and the
corresponding resistivity. To achieve this goal, the structure of the silver thin films has been
modified by utilizing different seed layers as well as various sputtering conditions for the ap-
plied seed layers. As a consequence, the structural changes made to either the silver film or the
seed layer have to be linked to the resulting electrical properties of the specimen.
The two mainly employed materials and their related properties are discussed in the follow-
ing sections. The chapter starts with the an introduction of the most crucial silver param-
eters (Sect. 2.1) needed for the subsequent discussion of the experimental observations and
finishes with an overview of zinc oxide (Sect. 2.2). The properties of the other two growth tem-
plates, namely NiO and HF-etched Si, will be given in chapter 5 in the corresponding sections
Sect. 5.1.1 and Sect. 5.1.2, respectively.
2.1 Properties of silver films
In this section an in-depth motivation is presented why improving the silver resistance is a key
objective and which parameters are essential for the electrical properties. Thus, the physical
properties introduced in this section are important for the determination and classification of
the silver films subsequently produced. But before those key parameters are discussed in de-
tail, the unique properties of silver making it the best available material for low-E applications
are briefly motivated in Sect. 2.1.1. Subsequently, basic elements of the electrical transport the-
ory necessary for understanding the sources of the silver thin film resistivity are introduced (see
Sect. 2.1.2) and afterwards origins for the strong correlation between the structure and the elec-
trical conductivity are highlighted (compare Sect. 2.1.3). As basis for the following discussions,
some basic properties of silver are summarized in Tab. 2.1.
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Table 2.1: Summary of the basic physical properties of Ag. For comparison alternative values for the
surface free energy can be found in [13].
Chemical symbol Ag
Atomic number / weight 47 / 108 u
Crystal structure
face-centered cubic (fcc)
space group: Fm3m (225)
Lattice parameter
a = 4.086 Å [14]
ae = 2.89 Å (111) in-plane distance
Mass density
10.5 gcm−3 (bulk) [4]
≈ 10.2−10.4 gcm−3 (sputtered)
Surface free energies
1.172 Jm−2 (111)
1.200 Jm−2 (100)
1.238 Jm−2 (110) [15]
Poisson’s ratio 0.367 [16], [17]
Electron effective mass 0.99 [18]
Carrier concentration 5.86 ·1022 cm−3 [19]
Mobility µ= 56 cm2 V−1 s−1 [19]
6
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Figure 2.1: Spectral radiance of the sun at 5777 K and a black body at 300 K representing the radiance
of a room. Sun and room radiance are assumed to be black-body radiation. To minimize the heat
loss through a window, it is necessary that the implemented low-E coating reflects the black-body
radiation of the room, whereas it lets pass the solar radiation. Thus, the low-E coating shall work like
the edge filter sketched in the figure.
2.1.1 Motivation for employing thin silver films in low-E coatings
At first, a brief motivation is presented addressing the question «Why are silver thin films em-
ployed in low-E coatings?». Therefore, the intended use of a low emissivity coating is explained
based on Fig. 2.1. This figure displays the spectral radiance of the sun and a black body at
300 K representing the radiance of a room. It becomes apparent that the introduction of a low-
E coating needs to ensure the required high reflectance in the infrared, which is necessary to
minimize the loss of thermal radiation through a window. On the opposite, it is essential that
the solar radiation is allowed to pass through such a coating at the same time to guarantee the
transparency in the visible spectrum. Hence, the operation principle of a low-E film is similar
to an edge filter.
The realization of the desired optical properties can be accomplished by using multiple-layer
systems that are based on a thin metal film. To optimize the transition between the reflectance
in the infrared and the transmittance in the visible spectrum, the metal film is embedded be-
tween two additional, highly refractive, dielectric films. The first and most fundamental argu-
ment why silver is particularly suitable for the realization of low emissivity coatings is its low
resistivity [20]. To emphasize this intrinsic advantage of silver, Tab. 2.2 provides an overview
7
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Table 2.2: Different metals and their bulk resistivities at a typical room temperature of 20 ◦C. The
data is taken from [26] and [27].
Metal Resistivity ρ [µΩcm]
Aluminium (Al) 2.82
Iron (Fe) 10.00
Copper (Cu) 1.68
Silver (Ag) 1.59
Tungsten (W) 5.60
Platinum (Pt) 10.60
Gold (Au) 2.44
of different metal resistivities. It becomes immediately clear that silver has the lowest bulk re-
sistivity of all listed metals. The relevance of the resistance for the present work is based on
the fact that the emissivity, which should be as low as possible to achieve the highest infrared
reflectance, is directly proportional to the electrical resistance of the silver film. The following
formula, also called Hagen-Rubens formula, demonstrates the relationship between emissivity
 and sheet resistance R [5]
= 1−R = 4R
z0
. (2.1)
R is the infrared reflectance of the functional film and z0 = (²0c)−1 =
√
µ0/²0 = 377Ω is the
vacuum impedance. The development of the theoretical models leading to this relationship
started already at the beginning of the 20th century and can be found among others in [21] and
[22]. Hence, for the realization of low emissivity coatings in architectural glazing, it is neces-
sary to choose a material with an electrical resistance, which is as low as possible. As a conse-
quence, the comparison of different metal resistivities in Tab. 2.2 shows that silver is the ideal
candidate. Considering that electron-phonon scattering contributes≈1.5µΩcm to the total re-
sistivity (compare Sect. 4.1) and cannot be changed easily for room temperature applications,
it becomes clear that bulk silver has an outstandingly low defect-related resistivity of roughly
0.09µΩcm. This value is in good agreement with data reported in literature (0.135µΩcm [23]
and 0.010µΩcm [24] depending on the fabrication process and the substrate). In combina-
tion with its high reflectivity in the infrared and low absorption in the visible, silver is widely
regarded as the ideal material for metal-based low emissivity coatings [25]. Copper (Cu), gold
(Au) and aluminum (Al) are the next best choices based on their resistivities but Cu and Au pos-
sess interband structures in the visible spectral region as can be directly seen from their char-
acteristic coloring. In the case of Cu and Au, the energy of the visible spectrum EVIS = h ·c/λVIS
8
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Figure 2.2: Comparison of the real ²’ and the imaginary part ²” of the dielectric functions of the four
different materials Cu, Au, Al and Ag. ²” illustrates that, with the exception of Ag, all other metals
exhibit interband transitions in the visible spectrum.
with 380 nm≤ λVIS ≤780 nm is sufficient to excite electrons from the d orbitals to the s orbitals
causing the color. These properties are disadvantageous for their use as low-E coating. Based
on the optical properties near the UV, Al would be a good alternative choice but this material
has other disadvantages like its chemical reactivity and interband transitions near the infrared
region at Eν ≈ 1.49 eV. These optical properties are displayed in Fig. 2.2 in which the real ²’ and
the imaginary part ²” of the dielectric function of the four previously mentioned materials are
plotted [28]. It becomes immediately clear that Cu, Au and Al exhibit an increased absorption
in the visible compared to Ag [8].
Thus, the outstanding electrical properties in combination with its optical advantages are the
main reasons for the use of silver thin films in low-E applications. As a matter of fact, intro-
ducing silver-based coatings reduces the emissivity dramatically. With modern silver thin films
emissivity values as low as = 0.04 can be realized representing a significant decrease from the
high emissivity of = 0.85 of glass [2].
2.1.2 Principles of the electrical transport in silver thin films
The silver thin films employed in low-E coatings have higher resistivities compared to the bulk
properties discussed so far in Tab. 2.2. However, to ensure the necessary optical transmittance
9
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of the composite structure for the application as architectural glazing, an ultra-thin metal film
is needed. Therefore, the silver film thickness has been kept in the range between 10 nm to
13 nm, where a reasonable compromise between electrical and optical properties for the thin
metal film as well as the whole layer stack can be achieved [29]. While bulk silver features an
unrivaled resistivity of 1.59µΩcm, in the case of ultra-thin films several additional structural
effects influencing the resistivity need to be considered. Before those are listed, the Boltzmann
equation [30]
∂ f
∂t
+ d~r
dt
·∇r f + d
~p
dt
·∇p f =
(
∂ f
∂t
)
coll
(2.2)
is introduced which describes transport phenomena in solids. The Boltzmann transport equa-
tion describes the changes of the distribution function f (~r ,~p, t ) due to external influences like
electromagnetic fields and temperature gradients as well as collisions. The left-hand side of
Eq. 2.2 defines the dynamics of a single particle under the influence of external forces and is
called drift term, whereas the impact of the forces acting between particles in collisions is sum-
marized in the right-hand side. This term
(
∂ f /∂t
)
coll contains the effects of collisions and scat-
tering at defects, phonons and so forth [31]. Since the formula Eq. 2.2 is a complex non-linear
integro-differential equation, the most frequently chosen approximation for the collision term
is the so-called relaxation-time approximation [32](
∂ f
∂t
)
coll
=− f (~p)− f0(~p)
τ(~p)
(2.3)
which assumes that the non-equilibrium distribution function f is driven back to the thermal
equilibrium by collisions. Therefore, in Eq. 2.3 f0 is the equilibrium distribution and τ, named
the relaxation time, is the time constant characterizing the relaxation of a non-equilibrium dis-
tribution f to equilibrium via collisions. This approach (Eq. 2.3) simplifies Eq. 2.2 to a linear
partial differential equation.
It has been shown for metals [31] that the electrical conductivity, respectively the resistivity,
ρtotal =
m∗
n ·e2 ·
1
τtotal(T )
= 1
σ
(2.4)
can be determined from the Boltzmann equation using the relaxation-time approximation and
making well-founded assumptions. In Eq. 2.4, m∗ is the electron effective mass, n is the car-
rier concentration, e is the elementary electric charge and τtotal(T ) is the total scattering time
representing the average time between scattering events of different origins. Assuming that the
sources of scattering accounting for the room temperature resistivity are independent of each
other and that the relaxation times related to those mechanisms are ~p-independent, then the
different scattering rates can be summed up [33]. This proposition is called Matthiessen’s Rule.
The different contributions to the room temperature resistivity of bulk metals are named in the
10
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following equation Eq. 2.5 [34]
1
τtotal(T )
= 1
τdefects(T )
+ 1
τphonons(T )
+ 1
τe-e(T )
. (2.5)
Hence, within the assumptions made, Matthiessen’s Rule simply states that the different scatter-
ing channels of a metal are independent and can be added up. Without using the relaxation-
time approximation, it still can be shown that Matthiessen’s Rule holds as an inequality ρ ≥∑
i ρi [35]. In detail, the different contributions named in Eq. 2.5 are due to the scattering of
the charge carriers at defects τdefects(T ), electrons τe-e(T ) and phonons τphonons(T ). In general,
the defect contribution to the resistivity is constant, the phonon contribution is temperature
dependent and the electron-electron scattering is negligible because the corresponding scat-
tering time τe-e(T ) is quite large due to the Pauli exclusion principle that largely suppresses
such scattering events. A corresponding graph showing the temperature dependent behavior
of the resistivity is presented in Fig. 4.1. Coming back to thin silver films, there are several rea-
sons resulting in a limited conductivity. Those are
1. the same origins for scattering as in the bulk. In addition to the subsequently discussed
contributions exclusively valid for thin films, the various scattering channels appearing
in a bulk can also influence the conductivity of a thin film. This bulk scattering is due to
phonons, impurities, dislocations and point defects.
2. the grain size. Because thin silver films are polycrystalline, the inherent grain boundaries
break the periodicity of the lattice and scatter electrons. Thus, it is expected that the
grain size has a dominant impact on the conductivity if the grains become smaller than
the electron mean free path.
3. the roughness of either the Ag/ZnO or the Air/Ag interface. For thin films the ratio of
sample surface to volume is very large. Hence, the interfaces play a crucial role and have a
significant impact on the thin film resistivity. If the charge carriers are scattered diffusely
at an interface, this process leads to a decreased lateral charge transport and increases
the resistivity of the thin film [36], [37].
4. the percolation limit and growth mode. As will be highlighted at the end of the present
section, there are different possibilities for thin film growth. If the thin film does not grow
fully coalesced, it will exhibit holes that are detrimental for the charge transport.
In summary, these disadvantageous effects affecting the thin film resistivity illustrate the po-
tential for further improving the electrical properties of silver thin films.
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Figure 2.3: Illustration of the face-centered cubic (abbreviated fcc) crystal lattice of metal Ag. The
(111) plane is highlighted in blue.
2.1.3 Impact of structure on the electrical properties
The approach most commonly used to decrease the resistivity of the employed silver thin films
exploits seed layers. Due to its hexagonal structure ZnO is an obvious and beneficial seed layer
for the metal face-centered cubic Ag film shown in Fig. 2.3. The Ag layer profits from the in-
trinsic (002) out-of-plane texture that sputtered ZnO films exhibit. As a result, the silver film
also grows textured demonstrating a (111) out-of-plane orientation that is accompanied by im-
proved electrical properties [38]. Hence, the orientation is such that the atoms of the crystals
facing each other are both having a hexagonal structure at the interface. Since the present work
is focused on attempts to reduce the resistivity of Ag films, it is mandatory to produce defect-
free films. Because the Ag films are grown on ZnO films, which have a pronounced (002) texture,
one goal is the development of an understanding of the consequences of the lattice mismatch
between the ZnO and Ag layers for the electrical properties of thin silver films. With respect to
this question, the hypothesis was formulated that due to the extreme misfit of −12.5 %, calcu-
lated from the differences of the in-plane lattice constants, the system will form dislocations in
12
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the silver film. The lattice mismatch f can be calculated with [39]
f = ae ( f )−ae (s)
ae ( f )
= 2.89 Å−3.25 Å
2.89 Å
=−12.5 %. (2.6)
Eq. 2.6 contains the unstrained lattice constants ae ( f ) and ae (s) of the film and the substrate,
respectively. Here, the film is represented by the Ag layer and the place of the substrate is
taken by the ZnO seed layer. In this context, it shall be noted that the in-plane lattice con-
stant depends on the observed crystal orientation. In the case at hand, the Ag in-plane lattice
constant is ae ( f ) = 2.89 Å, not a = 4.086 Å, due to the silver (111) texture. The in-plane lat-
tice constant is thereby determined by the distance between two atoms in the (111) plane. For
(111) out-of-plane textured silver, this distance is given by the face diagonal and is equal to
ae ( f ) = a/
p
(2) = 2.89 Å. If either the ZnO or the Ag (111) in-plane lattice constants are shifted
by 0.36 Å, the bulk lattice mismatch is compensated. Equivalently, a mismatch of 11.1 % can be
sometimes found in literature [40] calculated via f = ae (s)−ae ( f )ae (s) . Throughout the present work
the definition given in Eq. 2.6 is used. If the bulk lattice mismatch is completely compensated,
the corresponding atomic arrangement is called fully coherent state or interface. The coherent
state is labeled (1x1) growth in the present work. According to the literature, there are two ad-
ditional orientations possible for the silver layer on top of the ZnO seed layer that are displayed
in Fig. 2.4.
On the one hand the Ag lattice can grow on the ZnO seed layer leading to the so-called (9x8)
Ag/ZnO growth or incoherent growth based on the resulting superstructure with a mismatch
of roughly 0.1 % ([40] or −0.0065 % [41]). In this case, the Ag lattice will be also denoted as «un-
strained» due to the small mismatch. On the other hand a third epitaxy may be observed where
the silver lattice is rotated by 30° in the surface plane and the resulting lattice mismatch is only
2.6 % due to 2·aAge ≈
p
3·aZnO. In this case, both lattices are unstrained again and one is rotated.
The corresponding atomic arrangement is called (2x
p
3)R30 or rotated growth. An illustration
of the rotated growth is shown in Fig. 2.4 (b) and can also be found in [42]. Subject of the anal-
ysis presented later should also be the determination which mode occurs in the layer stacks
discussed in the framework of this thesis since the atomic arrangement and the correspond-
ing lattice mismatch determine the amount of uniform strain introduced into the film. In this
context it shall be briefly mentioned that the Frenkel-Kontorova model of the Ag/ZnO interface
can be used to explain the evolution of strains in the silver film during growth. A comparable,
detailed discussion for the Ag/MgO system can be found in [43].
Before further discussing the consequences of this uniform strain, the necessary expressions
strain, stress and relaxation are defined. Stress is a physical quantity that is used to express the
internal forces that arise in a body deformed by external forces, while strain is the response of
the system to the applied stress. In detail, strain is the normalized measure of the deformation
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૜ࢇZnO
૛ࢇAg(111)
(a) (b)
(9x8) (2x√3)R30
Figure 2.4: Visualization of the (9x8) and (2x
p
3)R30 growth of silver on zinc oxide. Fig. 2.4 (a) shows
the (9x8) or incoherent growth which results in a superstructure where each ninth silver atom coin-
cides with each eighth atom of zinc oxide. If the bulk lattice mismatch is entirely compensated, this
growth directly merges into the coherent (1x1) growth. Fig. 2.4 (b) visualizes the rotated or (2x
p
3)R30
growth (taken and modified from [41]).
due to the stress that changes the original dimensions of the body. Strain thereby is defined
as the amount of deformation divided by the initial dimensions of the body. As a result, strain
is described by a unit-less number and may be for example the ratio of a length change over
the initial length of the body. In this context, relaxation is defined as the process of stress relief
followed by the relaxation of the body back to the initial, unstrained configuration. Such a
behavior is called elastic deformation and only occurs if the applied stresses are lower than a
critical stress called yield strength. Materials, which have been loaded beyond this stress limit,
will remain in their deformed state and the corresponding effect is called plastic deformation
[44].
Depending on the magnitude, the uniform strain introduced into the film can lead to a very
large stress resulting in the creation of dislocations. Nevertheless, this process is not observed
in ultra-thin films because the total energy of all dislocations created is greater than the de-
crease of the strain energy due to the relaxation process. Thus, below a certain critical thick-
ness, systems consisting of layers having different in-plane lattice constants will grow strained
because misfit dislocations cannot form [45]. The formula describing the critical thickness dc
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and thus the thickness up to which a lattice will grow strained is
dc = b
8pi(1+ν) f ln
(
dc
b
+1
)
(2.7)
where ν is the Poisson’s ratio of the material in question and b =
∣∣∣~b∣∣∣ is the magnitude of the
Burgers vector [39]. Eq. 2.7 is based on minimizing the sum of the strain energy Ec
Ec = 2G(1+ν)
1−ν ²
2
f d (2.8)
and the energy of the dislocations Ed
Ed =
G ·b( f −² f )
2pi(1−ν) ln
(r0
b
+1
)
(2.9)
with respect to the film strain ² f [46]. In the equations Eq. 2.8 and Eq. 2.9, d is the film thickness,
r0 is the dislocation radius where the strain field vanishes and G is the shear modulus. To derive
Eq. 2.7, r0 ≈ dc is assumed. For the strain energy, a linear increase with film thickness is found,
whereas the dislocation energy has only a weak logarithmic dependence upon film thickness.
Hence, the dislocation formation is energetically beneficial above a certain critical thickness.
To obtain this formula, the sum of Ec and Ed is minimized and the resulting term is solved with
respect to the critical thickness dc . The corresponding approach was described by Matthews
([46], [47]). As this cannot be done analytically, a graphical solution for the growth of silver on
zinc oxide is displayed in Fig. 2.5.
Here, the critical thickness is calculated assuming the formation of dislocations with a Burg-
ers vector ~b = (1/2) < 110 > and also for partial dislocations such as Shockley and Frank par-
tial dislocations with Burgers vectors of (1/6) < 112 > and (1/3) < 111 >. The listed Burgers
vectors represent lattice distortions commonly observed in fcc metals and the last two men-
tioned lead to the formation of stacking faults. Moreover, the dislocation featuring a Burgers
vector (1/2)< 110> is considered to be a perfect dislocation because (1/2)< 110> is a transla-
tion vector of the lattice and the corresponding glide results in a perfect crystal [48]. In addi-
tion, these perfect dislocations can split up into two Shockley partial dislocations according to
(1/2)[110]→ (1/6)[211]+ (1/6)[121] as is shown in Fig. 2.6. This process is energetically favor-
able because the energy of a dislocation is proportional to the square of the magnitude of its
Burgers vector
∣∣∣~b∣∣∣2 = b2 based on the simple approximation expressed in Frank’s rule
Ed =α ·G ·b2 (2.10)
whereα≈ 0.5−1.0 and G is again the shear modulus. Hence, the energy needed for two Shock-
ley partials ∝ 2 · a2/6 = a2/3 is lower as for one perfect dislocation ∝ a2/2. Both Burgers vec-
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Figure 2.5: Calculation of the critical thickness for the layer stack system consisting of Ag and ZnO.
The evaluation was done for both the incoherent Fig. 2.5(a) and the (2x
p
3)R30 Fig. 2.5(b) growth of
Ag on ZnO and also for different Burgers vectors. The calculations show convincingly the difficulties
arising from the extreme lattice misfit between the ZnO and Ag layers. The intersections representing
the critical thickness, above which dislocations are formed in the film, are estimated to be below one
monolayer in both cases. As a result, the silver lattice does not grow strained on ZnO. Due to the large
mismatch the formation of dislocations is always highly favored. Even for an unstrained, rotated
lattice, there is no sign for a dislocation free film. Nevertheless, it is expected that the dislocation
density is much smaller than for an incoherent grown film.
tors, (1/2)< 110> and (1/6)< 112>, are located in the (111) plane as demonstrated in Fig. 2.6,
whereas the Frank partial dislocation has a Burgers vector normal to the (111) plane.
Like the Shockley dislocation, the Frank dislocation is an edge dislocation. Due to the Burgers
vector (1/3) < 111 > which is perpendicular to the {111} planes, the Frank dislocation cannot
glide. It just can move by climb and thus is a sessile dislocation compared to the glissile Shock-
ley partial [48]. For all three Burgers vectors stated above, the results concluded from Fig. 2.5
using Eq. 2.7 are clear: If energetics rules, the silver lattice will not grow strained but rather
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1/2[0-11]1/2[10-1]
1/2[-110]
1/6[11-2]
1/6[1-21]1/6[-211]
(111) plane
[111] direction
Figure 2.6: Visualization of the Burgers vectors of both perfect and Shockley partial dislocations.
As can be seen, the Burgers vectors of both dislocation types are located in the (111) plane of an fcc
lattice. In addition, the sketch demonstrates the splitting of a perfect dislocation into two Shockley
partial dislocations.
the formation of dislocations is highly favored starting with the deposition of the first mono-
layer. In the case at hand, the estimation shown in Fig. 2.5 predicts that the system exhibiting a
pronounced lattice mismatch will react with the introduction of misfit dislocations to compen-
sate for the in-plane lattice differences shown in Fig. 2.7. Nevertheless, the activation barrier to
make dislocations still needs to be overcome and the dislocation formation could be kinetically
suppressed.
These dislocations should influence the silver conductivity. In metals, it is generally accepted
that dislocations move through the crystallites and can accumulate at the grain boundaries.
Moreover, it is known that grain boundaries containing grain boundary dislocations which ac-
count for the compensation of misfits, are in general preferable to dislocation-free boundaries
[49]. The driving force for the absorption of a crystal lattice dislocation by a grain boundary is
the simultaneous reduction in elastic energy [50]. Additionally, it has been demonstrated that
low-angle grain boundaries may be regarded as arrays of dislocations which result from a pile
up of dislocations [51], [52]. As a result, the dislocations originating from the lattice mismatch
are accumulated at the grain boundaries and thus influence the electrical properties of the sil-
ver film. Hence, it is not only desirable to grow the Ag films on a substrate which has a suitable
and high texture, as provided by the ZnO films with a (002) out-of-plane texture. Moreover, it
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Figure 2.7: Overview of the heteroepitaxial growth of two different crystalline films. If the mismatch
is too large, the system will relax and misfit dislocations will be introduced into the film. Based on the
simulations shown in Fig. 2.5, the relaxed growth is expected for the Ag/ZnO system. In general, the
film will grow strained on the substrate below a certain critical thickness [39].
is also important to understand the role of the lattice mismatch between the Ag film and the
substrate and develop a strategy to manipulate this misfit. To validate the results of such a ma-
nipulation, it is essential to be able to characterize the structural quality of the Ag films in detail
and either to visualize dislocations and furthermore resolve their density or to be able to probe
grain boundaries and crystallite sizes.
In the last part of this section, the different possibilities for thin film growth are summarized.
Thin film growth mechanisms frequently encountered are Frank-van-der-Merve growth, Volmer-
Weber growth and Stranski-Krastanov growth. These are introduced in the following in order
to discuss the growth of Ag on ZnO and other seed layers in Sect. 5.2. In any case the adhe-
sion to the underlying layer is critical and governs the growth mode. The different concepts are
explained below and a graphical visualization is given in Fig. 2.8.
1. Frank-van-der-Merve represents a model in which a layer-by-layer growth is occurring.
The growth of a new layer is only beginning if the previously formed layer is fully coa-
lesced. Hence, it is assumed that the adhesion on the new monolayer is similar to the
substrate surface.
2. Volmer-Weber is defined as island growth. The adhesion on the appearing nucleation
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centers is higher than on the substrate. Consequently, subsequently arriving material
coalesces on the newly formed islands and a three-dimensional growth is observed.
3. Stranski-Krastanov is describing a mixed growth mode. Initially, a layer-by-layer growth
is observed that develops to a three-dimensional buildup. Thus, island growth is found
in later stages, meaning that eventually the adhesion becomes higher on the arriving
material. At first, however, it forms a wetting layer and the adhesion is more pronounced
on the substrate.
The growth mode of a given system composed of two different films can be deduced by dis-
cussing the energetics of film growth with the help of the subsequently presented equations.
The first equation is
∆γ= γ f +γi −γs (2.11)
and neglects the strain energy of the film [53]. Eq. 2.11 has been developed by Bauer [54] and
contains the surface free energies of the film γ f , the substrate γs and the interface energy γi .
The resulting energy difference ∆γ is a thermodynamic criterion for the growth mode that
can be expected. If ∆γ < 0, Frank-van-der-Merve layer-by-layer growth is favored, otherwise
Volmer-Weber island growth is observed. More precisely, the film does not want to wet the sub-
strate if ∆γ > 0. In order to be able to calculate ∆γ, the next step is the determination of the
interface energy. This can be done using Dupre’s relation [55], [56]
γi = γ f +γs −β. (2.12)
In the equation above, β is the adhesion energy which is equal to the separation energy. The
separation energy is defined as the work needed to cleave an interface. Rewritting the equa-
tions Eq. 2.11 and Eq. 2.12 and calculating the energy difference ∆γ leads to Eq. 2.13
∆γ= 2 ·γ f −β. (2.13)
This equation Eq. 2.13 can be used to determine the energy difference ∆γ and thus the impact
of energetics on the thin film growth mode of silver on the various tested seed layers.
Besides the discussion of the dominant energies, kinetic aspects of film growth need to be con-
sidered. The kinetic considerations are based on the atomistic processes taking place during
film growth. The term atomistic processes summarizes and describes the mechanisms which
are responsible for the adsorption of atoms, also called adatoms. A comprehensive summary
of the related processes can be found in [53]. In the present work especially one aspect shall
be highlighted: the Ehrlich-Schwoebel barrier. This barrier describes the additional poten-
tial barrier that an adatom has to overcome when approaching a descending step. There-
fore, the Ehrlich-Schwoebel barrier plays an important role in film growth since it prevents
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(a)
(b)
(c)
Figure 2.8: Overview of the different thin film growth modes. Fig. 2.8 (a) visualizes the Frank-van-
der-Merve mode. (b) represents the Volmer-Weber, whereas (c) displays the Stranski-Krastanov case
of thin film growth. In the sketch, the substrate is colored in gray, whereas the film is depicted in blue.
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the adatoms from diffusing to lower terraces. The potential barrier that is encountered by the
adatom thereby is due to the reduced number of nearest neighbors the adatom faces when de-
scending to a lower terrace. Thus, the adatom process of rolling over the edge and attaching it-
self to the step is energetically unfavorable. The effects of this potential barrier on diffusion and
crystal growth were first studied experimentally by Ehrlich [57] and subsequently described
theoretically by Schwoebel [58]. Hence, this barrier is now called the Ehrlich-Schwoebel bar-
rier. As a result of a large Ehrlich-Schwoebel barrier, island growth can occur because the nucle-
ation of new islands on top of existing islands may arise before the islands of the previous layer
are fully coalesced. For the homoepitaxial growth of silver on a Ag (111) surface, an additional
step-edge barrier∆Es in the range of 120 meV to 150 meV is identified in the literature [59], [60].
Consequently, island growth or rough multi-layer growth is predicted and found in the litera-
ture [61] for homoepitaxial growth. For sputtered metal thin films, the relevant energies of the
sputtered particles are much higher (≈1 eV to 10 eV) [62], [63], [64], thus the Ehrlich-Schwoebel
barrier should have no crucial impact on film growth. In general, silver atoms are highly diffu-
sive and the kinetic aspects do not dominate the film growth.
2.2 Zinc oxide seed layers
Zinc oxide is a II-VI semiconductor with a wide band gap of 3.3 eV [65], [66] which makes
it an insulator. Under standard conditions it crystallizes in the hexagonal wurtzite structure
depicted in Fig. 2.9. The corresponding lattice parameters of zinc oxide are c = 5.21 Å and
a = 3.25 Å.
As has been discussed in detail in [42], it is often found that zinc oxide grows featuring a pro-
nounced (0002) texture, if it is sputtered. Here, the notation for Miller indices of hexagonal and
rhombohedral lattice systems, which has four numbers (HKIL) and is called Miller-Bravais in-
dex, has been used. H, K and L correspond to the Miller indices (hkl), whereas I is defined as
I =−(H +K ). (2.14)
Hence, I is a redundant index with the purpose to label similar planes with similar indices as
is clarified in the following example: (1120)≡(110) and (1210)≡(120). Accordingly, there are
two systems to designate directions, one is using three indices [uvw] and the other one four
[UVTW]. They are linked by the following expressions [67]:
u =U −T (2.15)
v =V −T (2.16)
w =W (2.17)
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Figure 2.9: Atomic arrangement of the hexagonal wurtzite structure of ZnO. Zn atoms are colored
orange, whereas oxygen atoms are depicted in red. The (0002) plane is marked in orange and is
spanned by the zinc atoms belonging to the central hexagonal arrangement.
and
U = (2u− v)/3 (2.18)
V = (2v −u)/3 (2.19)
T =−(U +V )=−(u+ v)/3 (2.20)
W =w. (2.21)
Hence, [100] is equivalent to [2110]. In general, this notation is advantageous because the vec-
tor [UVTW] is perpendicular to the plane (UVTW). However, in the following chapters, the
Miller indices are used instead of the Miller-Bravais notation unless stated otherwise. The pre-
viously mentioned, frequently occurring (002) texture is equivalent to the orientation of the
crystallite c-axis perpendicular to the substrate surface. The previously stated self-texturing
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Table 2.3: Summary of basic physical properties of ZnO.
Chemical symbol ZnO
Crystal structure
hexagonal (hcp)
space group: P63mc (186)
Lattice parameters
a = 3.25 Å
c = 5.21 Å [69]
Mass density
5.67 gcm−3 (bulk) [70]
≈ 5.4−5.6 gcm−3 (sputtered)
Surface free energies
1.59 J/m−2 (0001)
1.97 J/m−2 (1120)
3.35 J/m−2 (1010) [68], [42]
Poisson’s ratio 0.36 [71]
Electron effective mass 0.28 [72] (in units of the electron mass me [73])
Carrier concentration ≈ 1015−1018 cm−3 [74]
Band gap 3.30 eV [75]
effect is independent of the underlying layer and appears even on amorphous substrates. One
possible explanation for this specific growth is based on the concept of minimizing the sur-
face free energy. Comparing the different surface free energies of different crystal orientations
calculated by Fujimura [68] and given in Tab. 2.3 leads to the conclusion that zinc oxide in-
deed grows (002) textured due to the minimization of the surface free energy. Nevertheless,
there are several further driving forces that can affect the texture formation of ZnO. For a de-
tailed study of the growth mechanisms governing the structural formation of zinc oxide films
see [42]. The most important physical properties of ZnO in the context of the present work are
listed in Tab. 2.3.
Further important applications of ZnO, besides the discussed use as a silver seed layer, are as
matrix material to realize a Transparent Conducting Oxide (TCO) [76] and as base material for
the fabrication of semiconductor lasers [66]. In this case, the high exciton binding energy of
60 meV [77] facilitates the construction of laser diodes working in the near UV spectral region.
The realization of a TCO is possible by doping zinc oxide with group III elements like aluminum
or gallium. In doing so, the group III ion substitutes the group II element zinc and the excess
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electron becomes a free charge carrier. As a result of the cation substitution, zinc oxide be-
comes an n-type TCO and the carrier concentration can be increased up to ≈ 1021 cm−3 [78].
In contrast, another possibility to enable n-type conduction would be the replacement of the
anion, here oxygen, by a group VII element like fluorine. For sputtered aluminum doped zinc
oxide (ZnO:Al) films, an electrical resistivity of 300µΩcm can be typically achieved [72]. By uti-
lizing post deposition annealing procedures, further improvements of the resistivity to values
as low as 140µΩcm can be accomplished [79]. Compared to the most efficient TCO, tin doped
indium oxide (In2O3:Sn, abbreviated ITO), having a resistivity of 110µΩcm [80], it becomes
immediately apparent that ZnO:Al is an attractive alternative [81], especially when considering
that indium has become rather expensive due to its low abundance and the high demand for
TCO thin films. This demand is triggered by a wide range of industrial applications such as
low emissivity glazing, flat panel displays and solar cells, in which ZnO:Al films are integrated
as transparent front contacts [82]. Nonetheless, for the present work the most important fea-
tures of sputtered zinc oxide layers are the intrinsic structural properties that can be used to
influence the quality of an afterwards deposited silver thin film.
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Thin film fabrication and analysis
The focus of the present work is the structural and electrical characterization of systems con-
taining functional silver (Ag) thin films and zinc oxide (ZnO) seed layers. As stated before, it is
the goal of this thesis to improve the understanding of sputtered Ag/ZnO layer stacks and iden-
tify ways to obtain silver thin films with an increased structural quality in the thickness range
between 8 nm to 12 nm. In particular, one of the main objectives is the analysis of the epitaxial
relationship between Ag and ZnO. To reach this goal, various analytical techniques have to be
employed to characterize and gain new insights about this system. These tools include primar-
ily techniques for electrical and structural characterization to correlate the film resistance with
the structural quality of the Ag film and to determine its relation to the substrate (here usually
ZnO). The following chapter gives a detailed description of the techniques used to deposit and
evaluate these thin films.
In the first part of the chapter, an introduction into the theory of sputtering is given and com-
pleted by a presentation of the setups that were utilized for the deposition of layers. The second
part contains a summary of the most important analytical methods that were employed in the
course of this work. Special emphasis is placed on x-ray analysis techniques and the two se-
tups used. Further methods highlighted in this section are electrical four point measurements
for resistance determination as well as FIB/SEM preparation and TEM imaging for additional
structural characterization.
3.1 Fabrication of thin films by reactive magnetron sputtering
For the fabrication of all samples discussed in this work, the so-called reactive magnetron sput-
tering process is used. This method is a well-known coating technique that is often applied for
thin film deposition in research and development as well as in industrial applications. The
decisive advantages of sputtering are the high deposition rates that can be achieved and the
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scalability of the process up to large area substrates that at the same time can be coated homo-
geneously and cost-efficient [83], [11], [12]. Hence, sputtering is the preferred coating process
in the architectural glazing industry. Moreover, the sputter process enables the tuning of film
properties and phase compositions. These can be modified by changing the deposition condi-
tions such as the pressure during sputtering, oxygen flow or plasma parameters. An overview
of those parameters and their influence on the deposition process will be given in the next
section, followed by a description of the sputter systems applied.
3.1.1 Introduction into the sputtering process
By definition the sputter process is a vacuum procedure that belongs to the Physical Vapor
Deposition (PVD) techniques. In modern industrial applications, PVD is competing with Che-
mical Vapor Deposition (CVD) in which a heated substrate is exposed to one or more volatile
precursors. Subsequently, in such a production process a chemical reaction or decomposition
takes place on the substrate surface and leads to the desired deposit. The main advantage of
this method is the conformal film growth. Yet, the thermal strain induced into the substrate is
disadvantageous and severely limiting the possible choices of substrate materials. In addition,
the volatile precursor needed to deposit the desired thin film is not always available. Neverthe-
less, the CVD method is an established technique to produce high-purity, high-performance
materials in the semiconductor industry. However, if a nearly unlimited substrate and film
variety is demanded that enables low temperature processes, PVD techniques and especially
sputtering are highly advantageous. Sputtering is based on the removal of the desired material
through ion bombardment in a glow discharge which is often named plasma and the subse-
quent deposition of the material on substrates [34]. Thereby, the sputtered bulk material acts
as cathode and is called target due to the ion bombardment it experiences. In such a deposition
process, the complete coater including the substrates serves as the opposite pole and between
those planar electrodes a direct voltage (DC) of several hundreds volts is applied. The process
takes place in a gas atmosphere that is called process, sputter or inert gas. As inert gas, a non-
reactive gas is used and possible candidates are argon, xenon and krypton. Due to the highest
content in air (0.934 %vol.), argon is the most cost-efficient and generally favored option. Dur-
ing sputtering the typical process pressure is in the range between 10−3 and 10−2 mbar and
due to collisions or the cosmic radiation, there are always ionized gas particles present. These
ionized, positively charged atoms are accelerated towards the cathode by the applied electric
field. The corresponding electrons are traveling towards the chamber walls and if their kinetic
energy is high enough, they can ionize additional atoms on their way. Otherwise, if their energy
is too low, the gaseous particles are only excited by the collisions which in turn cause the char-
acteristic glowing of the plasma during relaxation. On the other hand, the positively charged
particles accelerated towards the cathode trigger a collision cascade and remove atoms, ions
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and electrons when hitting the target surface. These secondary electrons originating from the
target add to the ionization process of the inert gas and lead to a stabilization of the plasma.
This self-sustained discharge can be described by Paschen’s law [84]
U = B ·p ·d
ln(A ·p ·d)− ln[ln(1+γ−1)] (3.1)
in which p is the pressure, d the distance between the planar cathodes, γ the secondary elec-
tron coefficient and A, B material constants. In this process, the electrons and the sputter gas
cause the glow discharge. At the same time, the removed atoms condense on the substrate as
well as on the remaining parts of the coater. The resulting sputter rate Y is given by
Y ∝ P
p ·d ∝
I ·U
p ·d (3.2)
with the applied power P , the sputter pressure p and the target-to-substrate distance d . Higher
sputter pressures as well as larger target-to-substrate distances increase the probability for the
sputtered atoms to experience scattering events which would ultimately result in a lower rate.
In contrast, increasing the sputter current I or the applied voltage U leads to an increased rate
due to either the larger number of argon ions impinging on the target or the elevated accel-
eration energy. The majority of the kinetic energy of the impinging ionized particles is lost in
the collision cascade inside the target material and results in a heating-up of the target, which
is the reason why a target cooling is mandatory. Fig. 3.1 displays a drawing of the processes
described above using the example of a reactive ZnO sputter process. The reactive process will
be described in detail subsequently. The main difference that should be already emphasized at
this point is the addition of a second, reactive gas, such as oxygen or nitrogen which oxidizes
the sputtered target atoms, thereby forming the metal oxide.
In this context, the typical potential curve of a gas discharge shall be briefly explained based
on [34]. A graphical representation is given in Fig. 3.2. The potential curve can be divided into
three regions: The cathode sheath, the plasma potential and the anode sheath. Since there
are surfaces inside the sputter chamber that are exposed to the plasma, the ions, electrons and
neutral species present in the plasma constantly impinge on those areas. These processes can
be either calculated according to equation
Φ/NA = p/
p
2piMRT (3.3)
which describes the flux of neutral particles or determined according to
Ji = ni ·qi · v¯i /4 (3.4)
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Figure 3.1: Scheme of the interaction between accelerated, ionized gas atoms and the target for a
reactive process. The figure shows the collision cascade inside the target as well as the oxidation of
the removed target atoms. Furthermore, additional effects like argon atom implantation, secondary
electron formation and reflection of Ar atoms is displayed (modified from [85])
in the case of charged particles. With the help of Eq. 3.3, the gas impingement flux Φ can be
evaluated using Avogadro’s number NA , the pressure p, the molecular weight M , the gas con-
stant R and the absolute temperature T . In contrast, the charged particles result in a current
density Ji which can be expressed by the product of the charge qi , the species concentration
ni and the mean velocity v¯i . Calculating Eq. 3.4 for electrons and ions gives the following cur-
rent densities: Jelectron ≈ 38 mAcm−2 and Jion = 21µAcm−2. As a result, isolated surfaces within
the plasma are negatively charged initially. Thus, electrons are repelled and positive ions are
attracted. Hence, the cathode and the anode both possess a negative potential with respect to
the plasma. In a typical sputter process in which a large external potential is applied, sheaths
develop around both electrodes. The resulting space charges are positive and result in less ion-
ization and excitation of neutrals. In contrast, the plasma region has a positive potential of
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Figure 3.2: Graphical representation of the typical potential curve of a DC gas discharge. The three
different regions of a glow discharge are marked and named: Cathode sheath, plasma, anode sheath.
Characteristic values for the two parameters UG and UP schematically sketched are UG = 500 V and
UP = 10 V, respectively. The figure is based on [34].
approximately 10 V. In conclusion, all of the described effects regarding the potential of a gas
discharge originate from the different properties of the fundamental plasma particles, namely
electrons and ions.
The sputter process described so far is named DC diode sputtering. It is conventionally mod-
ified by installing permanent magnets below the planar targets forming closed magnetic field
lines parallel to the target surface. This process is called DC magnetron sputtering and has
been developed in the early 1970s [12]. As a consequence of the Lorentz force given by
~F = q(~E +~v x~B). (3.5)
due to the magnetic field and in the presence of an applied electric field, the electrons above
the target are forced to circular trajectories leading to a torus-shaped region of high electron
density. The trajectories for the region in which ~E ⊥ ~B is valid are described by
y = qE
mω2c
(1−cos(ωc · t )) (3.6)
x = Et
B
(
1− sin(ωc · t )
ωc · t
)
(3.7)
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Figure 3.3: The image shows the typical radially symmetrical erosion zone of a 3 inch planar target
of the type used as a standard in the present work.
where q is the electrical charge, m the mass of the charge carrier, E the electric and B the
magnetic field. ωc is the cyclotron resonance frequency and is defined by ωc = qB/m. The
increased electron density is directly accompanied by an enhanced ionization efficiency and
the highest densities are consequently found where the magnetic field lines are aligned parallel
to the target surface. At those spots, the sputter rate is increased resulting in an inhomoge-
neous removal of target material leading to a circular erosion zone shown in Fig. 3.3. This race-
track mirrors the plasma shape and gets more pronounced with each sputter run. For sputter
processes utilizing planar targets, target aging is one of the major challenges that needs to be
considered. In general, it limits the comparability and reproducibility of samples fabricated in
different sputter series. Moreover, the erosion zone influences the layer properties, especially
in reactive processes featuring oxygen. In this case, the reason is the link between the depth
of the erosion zone and the trajectories of the resulting negatively charged oxygen ions. Those
trajectories are always parallel to the local electric field, thus they are orientated perpendicular
to the target surface and therefore strongly affected by the formation of an erosion zone. If the
racetrack becomes deeper, the oxygen trajectories are tilted with respect to the sample surface.
As a consequence, the bombardment and the corresponding damage of the sample center in-
creases and the film properties are significantly altered. For further information regarding this
topic refer to [86] and [87]. In the course of the present work, the inherent oxygen bombard-
ment is used to fabricate strained zinc oxide seed layers in a reactive DC magnetron sputter
process.
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So far, mainly the DC magnetron sputter process that is utilized to deposit metallic thin films
has been explained. As mentioned before, a second, reactive gas can be added to produce
metal oxide thin films. This becomes necessary because ceramic compound targets are insu-
lating. One drawback of the DC magnetron sputter technique described so far is the need for
conducting targets ensuring the removal of the positive charges following the argon ion bom-
bardment. If the dissipation is not guaranteed, the target is charged and shielded from any
further incoming argon ions. As a consequence, the plasma will extinguish. One answer to this
challenge is the reactive sputter process in which the oxygen content is controlled. In doing
so, the process properties can be influenced and as a consequence it is possible to precisely
control the film stoichiometry. Thereby, metallic targets can still be utilized in a DC process
and oxide thin films can be fabricated. The theoretical description of the reactive sputtering
process of compound materials has been developed by Berg [88] and a comprehensive review
of the different sputter parameters influencing the reactive process has been given in [89]. An-
other possibility to sputter oxide films is the use of ceramic targets in combination with a radio
frequency (RF) generator. In the present thesis, usually reactive DC magnetron sputter pro-
cesses featuring oxygen as the second, reactive gas are used to produce metal oxide films. The
only exception is the deposition of capping layers to protect the functional silver thin films. In
those cases ceramic targets and an RF discharge are applied.
In the following a typical reactive sputtering process is explained in detail. Adding a reactive
gas, like oxygen or nitrogen, to the sputter atmosphere leads to an oxidation or nitration of the
target surface. If a certain oxygen flow is reached, the complete target surface is covered with
the desired metal oxide and only the related compounds are sputtered. This region is called
oxide mode. Accordingly, the metallic mode can be found at lower oxygen flows. If the oxygen
partial pressure is plotted as function of the oxygen flow, the characteristic hysteresis behavior
for reactive sputtering is observed as can be seen in Fig. 3.4. At lower oxygen flows, the sputter
process is still in the metallic mode in which the material sputtered on the surrounding cham-
ber surfaces getters the majority of the reactive gas. For those oxygen flows, the oxygen content
inside the chamber is too low to ensure the oxidation of all surfaces in the coater. Increasing
the oxygen flow leads to a sudden transition from metallic to oxide mode at a certain threshold
value marked by L1 in Fig. 3.4. After the transition, the stoichiometric metal oxide is sputtered.
The amount of the reactive gas needed to deposit stoichiometric compounds is thereby linked
with the heat of formation ∆H f of the material sputtered. In this context, it is valid that higher
heat of formations are related to lower oxygen flows and at the same time imply a higher re-
activity of the corresponding metal [63]. Further parameters, which determine the amount
of the reactive gas that needs to be introduced to reach the oxide mode, are the desired film
stoichiometry and the coater dimensions. According to the Berg model [88], it is necessary to
consider the following reactive gas flows: The incoming reactive gas flow qtotal, the flow to the
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surface area which has been coated qsurface, the required amount of the reactive gas to oxidize
the target and to compensate the consumption at the target surface qtarget as well as the gas
fraction that is not gettered at any surface in the chamber and is removed by the pump qpump.
Hence, the resulting relationship is
qtotal = qsurface+qtarget+qpump. (3.8)
In the oxide mode, a reduced sputter rate is observed which is due to the decreasing sputter
yield caused by the oxide formation on the target surface as well as the changed secondary
electron coefficient of oxide compounds. Hence, most of the energy of the impinging ions is
needed for breaking bonds and generating secondary electrons leading to a decreasing sputter
rate [90]. The relevant energies in this process are the kinetic energy of the impinging argon
ions which can be up to several 100 eV in a typical sputtering process as well as the binding en-
ergy of the target material and the kinetic energy of the sputtered particles which are both in the
same order of magnitude (1 eV to 10 eV). It is noteworthy that the energy to initiate the sputter-
ing process, the so-called threshold energy, is 15 eV if a silver target is sputtered with argon ions.
According to [64], the threshold energy is in general roughly 4 times the heat of sublimation of
typical cathode materials. In the following, the mechanisms responsible for the so-called ion
induced secondary electron emission are briefly discussed. In the case of kinetic emission, an
electron is knocked out of the target surface due to the impact of a sputter gas ion and the cor-
responding energy transfer. Accordingly, the condition, which has to be fulfilled, is that the ion
energy exceeds the work function of the target material. The next mechanism is called potential
emission. The potential emission is defined as a tunneling process of an electron belonging to
a target atom through a potential barrier towards an argon ion. The third mechanism describes
the emission of electrons from an excited metal oxide compound at the target surface. Through
the collision with a sputter gas ion, the metal oxide can reach an excited, anti-bonding state re-
sulting in the emission of either an electron or a negatively charged oxygen ion. In the present
work, zinc oxide has been sputtered. In this case, the secondary electron coefficient is higher
in the oxide mode, as a consequence the target voltage is reduced. Using Eq. 3.2, the decreas-
ing rate can be also ascribed to the lower target voltage if a constant sputter current is applied.
Consequently, further increasing the oxygen flow in the oxide mode only causes an increasing
oxygen partial pressure in the chamber because the surfaces are already saturated. Reducing
the oxygen flow results in the transition of the process from oxide mode back to metallic mode
marked by L2 in Fig. 3.4. While doing so, the typical hysteresis window for reactive sputtering
(displayed in Fig. 3.4) appears and furthermore L1> L2 is valid with respect to the oxygen flow.
The origin of the hysteresis is the ongoing getter effect of the surfaces. These surfaces, that pre-
viously gettered oxygen, act as an oxygen reservoir during the reduction of the oxygen flow and
as a result compensate the oxygen withdrawal up to a certain point. Working points inside the
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hysteresis window are characterized by comparably high deposition rates but at the same time
process instabilities and substoichiometric samples can be produced [91]. If the oxygen flow is
decreased below L2, the oxygen partial pressure drops suddenly, thus resulting in a lower cov-
erage of the target and the chamber walls with oxygen. Consequently, the discharge is highly
sensitive and it is even possible that no well-defined working point can be found for a chosen
oxygen flow. In some processes, for example the fabrication of Transparent Conducting Oxides
(TCO), decreased oxygen flows are desired due to the formation of substoichiometric films as
well as the simultaneous decrease of oxygen ion bombardment, both of which lead to improved
film properties. The formation of negatively charged oxygen ions, which bombard the growing
film with energies similar to the applied target voltage (several 100 eV), is due the collision of
a sputter gas ion with the metal oxide. As a result, the metal oxide can be excited into an anti-
bonding state leading to the emission of either an electron or a negatively charged oxygen ion
[92]. The tradeoff between rate, ion bombardment and the risk of depositing substoichiometric
layers with changed structural properties has to be considered for ZnO samples as well. In the
following chapters, specimens sputtered directly around L2 are mainly utilized because they
are best suited for seed layer applications. This is due to the fact that at this point films can be
deposited in a stable process with acceptable high rates. Simultaneously, those samples have
been exposed to an oxygen bombardment preserving the desired textural quality as well as still
leading to significantly strained seed layers. For a detailed study of reactive magnetron sput-
tering including a comprehensive and readily understandable summary of all crucial physical
parameters refer to [92].
3.1.2 Description of deposition chambers
In the present thesis, different sputtering systems were used for film deposition. The sys-
tem primarily utilized for the sample fabrication is especially equipped for the production of
multiple-layer systems and is called MYTHIC. This is the abbreviation for Multi-LaYer THin
FIlm Coater. Originally, the system was build at the I. Institute of Physics (IA) in the frame-
work of the dissertation of Johannes Stollenwerk [62] in 1992. It was reworked multiple times in
the following years (compare [71]) and received the latest upgrade in the course of the present
thesis. The actual design of the sputter chamber is shown in Fig. 3.5.
Fig. 3.5 already includes the changes performed during the last retrofit in which new viewports
have been added to allow for an easier alignment of the cover plates and an improved supervi-
sion of the sputter plasma. Inside the chamber, the distance between target and sample holder
is 55 mm and the substrate holder can be loaded with a maximum of 24 substrates measuring
20×20 mm2. In most sputter runs, at least three positions are blocked for pre-sputtering as
can be seen in Fig. 3.6. Pre-sputtering means the cleaning of the target surface to get rid of any
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Figure 3.4: The graph shows the hysteresis that appears in a reactive sputter process. Plotted is the
mean O2 partial pressure versus the changed O2 flow. The lines mark the beginning of the transition
from metallic to oxide sputtering mode (L1) and vice versa (L2).
contaminations due to target storage. The pre-sputtering depends on the target material and
its corresponding deposition rate. Accordingly, pre-sputtering is performed in an inert gas at-
mosphere and takes 300 s to 1800 s. In addition, the substrates on those first three positions are
used to set the process parameters for the later deposition of specimens. In processes where
samples with different designated properties are deposited, additional positions are needed to
adjust the deposition parameters in between. In such cases, at maximum 11 different sam-
ples can be fabricated in one sputter run. To avoid the unintentional coating of targets that
are not sputtered as well as the remaining substrates loaded, additional shields are installed.
One of those shields is positioned directly below the sample stage to cover the substrates and
is complemented by another shield above the target position.
The following paragraph gives an overview of the external devices used to operate MYTHIC.
The gas flows are controlled by MKS Instruments mass flow controllers (MFC). To tune the oxy-
gen content in reactive processes, one lambda probe manufactured by ZIROX is integrated in
the chamber. The operating principle of the lambda probe is based on a measurement of the
difference of the oxygen partial pressure between two different ZrO2 electrodes. For this pur-
pose, one sensor is placed in ambient air and serves as reference. The oxygen concentration
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Figure 3.5: The graphic shows the actual layout of MYTHIC including an exemplary arrangement of
targets. The viewports labeled new were added during the last upgrade of the system.
ζO2 can be calculated by using the Nernst equation [93]
U = RT
4F
ln
pO2 (air)
pO2 (chamber)
. (3.9)
For the determination of the pressure during the evacuation of the coater, a Pfeiffer full range
gauge is utilized, whereas the pressure during sputter deposition is read out with the help of
a MKS Instruments baratron. For the evacuation of the chamber, a Pfeiffer TMU 521 P turbo-
molecular pump with a nominal capacity of 520 ls−1 N2 at 833 Hz is available enabling a base
pressure of typically 2·10−6 mbar. It is supported by a diaphragm pump build by vacuubrand.
The process gas is argon 4.8 (purity 99.998 %vol.) and the reactive gas is pure oxygen 5.5 (purity
99.9995 %vol.). The coater can house up to six in-house built magnetron cathodes and each of
those six available cathode positions can be equipped with one 3 inch target (75 mm diameter).
Most of the targets used are metallic, 6 mm thick and possess a purity of 99.99 % or higher. Ce-
ramic targets are only used to sputter capping layers. Due to the insulating character of ceramic
targets, in those cases an Advanced Energy CESAR RF power generator with a maximal output
power of 1200 W is applied to ignite a plasma. For the metallic targets, a pinnacle power supply
fabricated by Advanced Energy is employed. This supply has two channels and the maximum
output is 2×10 kW.
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1
Figure 3.6: Schematic view showing the MYTHIC sample holder.
During the upgrade of MYTHIC, the sample fabrication was carried out in another coater. This
setup has slightly other dimensions and features other external devices but otherwise permits
the deposition of nearly identical samples consisting of up to three different films. The main
disadvantage of this system is the lack of a lambda probe meaning that it is not possible to
control the oxygen content in the chamber to the same degree as in MYTHIC. Hence, the film
properties need to be controlled via the target voltage in this setup.
36
Section 3.2: Methods of x-ray analysis
3.2 Methods of x-ray analysis
X-Ray Diffraction (XRD) is a powerful analysis technique that enables a non-destructive in-
vestigation of the atomic structure of matter by the use of x-rays. Thereby, the term x-rays
describes electromagnetic waves with wavelengths that are in the order of Å and thus in the
same range as the interatomic spacing. In the following sections, a detailed overview about
the x-ray techniques, that were used for the analysis of silver thin films, is given. The review
starts with an introduction of the Bragg-Brentano θ-2θmethod (BBXRD) that is mainly used to
characterize the Ag and ZnO layers. In addition, special evaluation techniques for these BBXRD
measurements as well as the analysis ofω scans, also called rocking curves, are described. Sub-
sequently, a brief description of different aspects of x-ray diffraction is given. In the following
sections, the X-Ray Reflectometry (XRR) technique and the x-ray setups used in the present
work are presented.
3.2.1 X-ray diffraction
At first, a comprehensive summary of the theory behind x-ray diffraction and the effects influ-
encing peak broadening and peak intensities with respect to their importance for the structural
analysis of thin silver films as well as zinc oxide seed layers is established. X-ray radiation was
discovered by Wilhelm Conrad Röntgen in 1895 and belongs to the electromagnetic spectrum
covering a wavelength regime from 0.01 nm to 10 nm corresponding to frequencies and ener-
gies in the range of 30 PHz to 30 EHz and 100 eV to 100 keV, respectively [94].
3.2.1.1 Elements of x-ray diffraction
In this part, a detailed introduction to the theory of x-ray diffraction is given [67] since much of
the results later shown are discussed in the light of linking structural and electrical properties of
thin silver films. Thereby, the discussion focuses on means necessary to perform an in-depth
structural analysis of the sputtered silver thin films as well as the zinc oxide seed layers. As
stated previously, the sputter deposition of cubic Ag leads to textured specimens, especially if
an underlying hexagonal ZnO seed layer is applied. Hence, the section starts with establishing
the BBXRD geometry that is often used to investigate textured thin films. This x-ray method was
first mentioned by Brentano in 1924 [95] and features a so-called parafocussing beam geom-
etry in which the sample is mounted tangential to the circle made up by the x-ray tube focus,
the sample center and the detector aperture. Thereby, the distance between the tube focus
and the sample is identical to the distance between sample and detector aperture. During the
measurement the sample is moved with half the speed of the angular velocity of the detector.
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Figure 3.7: Illustration of the Bragg condition in real space. The picture shows the most important
angles for the Bragg-Brentano geometry and describes the case of a sample with crystal planes ori-
ented parallel to the substrate surface. αi and αd are the incident and diffracted angles of the x-ray
beam. In the case at hand, αi equals αd . Hence, the relationship between the angles is αi = ω and
2Θ−ω=αd .
In general, such a Bragg-Brentano configuration enables the measurement of powder diffrac-
tograms, but it can also be applied to analyze polycrystalline thin films that are textured. At
this point, the expression texture needs to be specified. In the framework of this thesis, texture
describes a polycrystalline sample with a preferred crystal plane oriented parallel to the sub-
strate surface. Typically, this is called fiber texture and under these circumstances a diffraction
pattern will appear in a BBXRD scan. As stated before, in θ-2θ scans the angles of incidence
and diffraction are identical so that powder and textured specimen can result in a diffracted
signal from the sample. However, in the case of textured samples the measured intensity is
much higher. It is noted that for single crystals a diffracted intensity is only measured if the
corresponding lattice planes are aligned parallel to the substrate surface. The corresponding
sketch for Bragg-Brentano x-ray diffraction in real space is shown in Fig. 3.7.
For crystalline samples, the incident x-ray radiation is diffracted by the atoms arranged in lat-
tice planes. The incident rays are striking the atoms and are scattered in all directions. Only
those rays completely in phase reinforce each other. The condition that has to be satisfied for
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the scattered beams to be in phase, is that the path difference equals a whole-numbered mul-
tiple n of the x-ray wavelength λ. Accordingly, the x-ray peaks can be observed if the Bragg
equation
nλ= 2dhkl sinΘ (3.10)
is fulfilled. This equation is named after William Lawrence Bragg and William Henry Bragg
who jointly were the first to propose the theory of Bragg diffraction in 1913 [96]. Father and
son developed the Bragg formulation of x-ray diffraction in response to their discovery that
crystalline solids produce surprising reflection patterns when irradiated by x-rays [97], [98].
Eq. 3.10 also contains the lattice spacing dhkl with the Miller indices (hkl) forming a notation
system of crystal planes as well as the Bragg angle Θ mentioned in Fig. 3.7 and described in
detail in Fig. 3.23 and Fig. 3.24. In addition, the incident ~ki and the diffracted ~k f wave vectors
are introduced in Fig. 3.7.
To describe x-ray diffraction, it is often advantageous to use reciprocal space. To do so, one
must take into consideration the fact that lattice planes in real space are represented by points
in the reciprocal space. The condition for constructive interference is changed from the Bragg
equation to the Laue equation
~S = ~k f −~ki (3.11)
with the magnitude ∣∣~S∣∣= 2pi
dhkl
= ∣∣ ~Ghkl ∣∣ (3.12)
in the reciprocal space. The Laue condition Eq. 3.11 characterizes the diffraction of an incident
wave by a crystal lattice. ~ki and ~k f are the incident and diffracted wave vector, whereas dhkl is
again the distance of the lattice planes. The resulting value ~S describes the scattering vector,
whereas the vector ~Ghkl is the reciprocal lattice vector that is perpendicular to the plane in the
crystal lattice with the Miller indices (hkl). The reciprocal vector ~Ghkl is given by
~Ghkl = h~b1+k~b2+ l ~b3. (3.13)
with the vectors ~b1, ~b2 and ~b3 defining the unit cell of the reciprocal lattice. In crystallography,
the unit cell is the smallest unit of volume that contains the whole structural and symmetry
information to build the macroscopic structure of the lattice by continuous repetition of the
cell. Typically, the unit cell of the direct crystal lattice is described by the vectors ~a1, ~a2 and ~a3.
By the mathematical operation of translation, each point in the crystal lattice can be character-
ized with those vectors. In the following, the equations are presented that establish the relation
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between the real space vectors ~a1, ~a2, ~a3 and the reciprocal vectors ~b1, ~b2, ~b3
~b1 = 2pi
~a2x~a3
V
(3.14)
~b2 = 2pi
~a3x~a1
V
(3.15)
~b3 = 2pi
~a1x~a2
V
(3.16)
with the volume V = ~a1 (~a2x~a3) of the crystal unit cell. A visualization of the relationship be-
tween real and reciprocal space is shown in Fig. 3.8. The first two pictures (a) and (b) show the
transition from lattice planes in real space to points in reciprocal space. Pictures (c) and (d)
display the change from the Bragg equation to the scattering vector and introduce the Ewald
sphere which can be used to determine whether a lattice plane from real space will result in a
diffracted signal or not.
After introducing the reciprocal space and the corresponding transition from real space, differ-
ent film structures can be discussed. Hence, the schematic representation Fig. 3.9 highlights
the consequences of differences in real space for the corresponding reciprocal space.
Fig. 3.9 is divided into three columns that are showing the type of film in question on the left
and the predicted results of a θ-2θ and a pole figure scan in the reciprocal space image in two
columns on the right. In general, a pole figure is defined as a stereographic projection used
to visualize the orientation distribution of crystallographic lattice planes in a texture analysis.
In section Sect. 3.2.1.4, the concept of pole figures is explained in greater detail. The first ex-
ample is a polycrystalline film (a) in which the lattice planes for different grains are oriented
randomly. This random orientation of the crystallites causes the appearance of the same peaks
that are also expected and observed in a powder sample as well as the broad peak in the pole
figure. In the case of a fiber texture (b), there is only one preferred lattice plane oriented parallel
to the substrate. At the same time, the crystallites have no in-plane texture leading to a θ-2θ
pattern that only shows peaks of the parallel aligned (hkl) planes of one peak family. The pole
figure features a strong peak at the center and a ring at a certain ψ value due to the rotational
symmetry around the growth direction. Thereby, the appearance of a diffraction ring directly
originates from the random in-plane orientation of the fiber-textured sample. Finally, the ex-
pectations for a single crystal are shown in (c). The θ-2θ scan reveals results identical to the
fiber texture pattern but no diffraction ring in the pole figure. Instead, the occurrence of sharp
peaks results from the symmetry of the unit cell along the existing growth direction.
When investigating the reciprocal space, the previously introduced scattering vector ~S plays a
crucial role. The different angles that can be controlled in the setup provide the means to move
through the reciprocal space as can be seen in Fig. 3.10. In the sketch, regions of the recipro-
cal space that cannot be accessed due to the limitations of the setup are colored gray. Starting
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Figure 3.8: Schematic overview of the transition from real (a) to reciprocal (b) space. It is shown
that planes in real space are transformed to points in reciprocal space. (d) displays the so-called
Ewald sphere. In reciprocal space, the Ewald sphere can be used to determine whether a lattice plane
from real space will result in a diffracted signal or not at a given incident angle ω. In that case, the
scattering vector lies on the surface of the Ewald sphere with a radius of 2pi/λ. The Ewald sphere
thereby contains the incident and the diffracted vectors that are also depicted in the illustration of
the Bragg condition in (c).
with the description of anω-2θ scan, the corresponding measurement moves ~S outwards. The
length of ~S changes, but its direction remains the same. Such scans are asymmetric and allow
the examination of planes tilted with respect to the sample surface. In addition, the related
interplanar spacings dhkl can be calculated from the observed peak positions and if a variation
of the interplanar spacing is found, the obtained difference offers information on strain and
relaxation. Because it is highly unlikely to resolve a reflection of a biaxially textured film with
only one ω-2θ scan due to the occurrence of sharp intensity peaks in this case, a Reciprocal
Space Map (RSM) can be recorded. Therefore, different ω values are successively chosen and
afterwards ω-2θ scans performed under the condition that the initial 2Θ angle remains un-
changed. Compared to this method, the already introduced θ-2θ measurement is a vertical
scan along the ~qz direction with ω = Θ. For a 2θ scan, the sample and the source remain sta-
tionary and only the detector is moved. This technique is called a grazing incidence (GIXRD)
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Figure 3.9: The graph presents a summary of different films pictured in real and reciprocal space.
The first column displays the type of film in question, whereas the second and third column show
the predicted results of a θ-2θ and a pole figure scan in reciprocal space. The first example is a poly-
crystalline film. The lattice planes in the different grains are oriented randomly. This fact explains
on one hand the appearance of all the peaks that would be also observed in a powder sample and
on the other hand the broad peak in the pole figure (a). In the case of a fiber texture (b), there is one
preferred lattice plane oriented parallel to the substrate. At the same time, the crystallites have no in-
plane texture leading to a θ-2θ pattern that only shows peaks of the corresponding parallel aligned
(hkl) planes. The pole figure features a strong peak at the center and a ring at a certainψ value due to
the rotational symmetry around the growth direction originating from the random in-plane orienta-
tion. The expectations for a single crystal are shown in (c). The θ-2θ scan reveals results identical to
the fiber texture pattern but no diffraction ring in the pole figure. Instead, the occurrence of sharp
peaks resulting from the symmetry of the unit cell along the existing growth direction is found (taken
and modified from [99]).
measurement if a low incident angle ω ≤ 1 ° is chosen. Due to the low incident angle, the film
volume illuminated as well as the reflected intensity resulting from the thin layer is maximized.
This is advantageous for the analysis of polycrystalline films (see Fig. 3.18). In particular, the
determination of the related crystal structure and the characterization of defects are rendered
possible. In comparison, for a ω measurement the detector and the source are fixed and the
sample is rotated. Therefore, ~S traces an arc that has its center in the origin meaning that the
magnitude
∣∣~S∣∣ is kept constant but the direction of ~S changes. Hence, rocking curves are well
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Figure 3.10: Survey of scans that can be used to probe reciprocal space. The areas marked in gray
are regions of the reciprocal space that cannot be accessed due to the limitations of the setup. For
more information see text.
suited to evaluate the peak broadening of Bragg reflections. More information about θ-2θ and
ω scans is given in the subsequent discussions.
If the analyzed thin films are highly textured or even monocrystalline and smooth, there is the
possibility for constructive interference of the scattered x-ray beam from the sample leading to
secondary maxima, also called fringes, besides the main Bragg peaks. This coherent scattering
can be observed in a θ-2θ scan for instance and results in an interference pattern that is similar
to the well-known one created by optical gratings. Accordingly, the maxima are described by
the formula [100]
Ihkl (Nhkl ,ϑ)=N 2hkl u2
(sinϑ)2
ϑ2
(3.17)
with the intensity Ihkl and ϑ= 2pidhkl∆Θλcosθ. Here, ∆Θ is the deviation of the Bragg angleΘ,
Nhkl the number of lattice planes and u the scattering amplitude of one plane. The appearing
oscillations are called Laue fringes and are a indication of an extremely well-ordered and very
smooth film. In the case of a thin film, unlike for a bulk solid, only a small number of lattice
planes Nhkl contribute to the detected intensity Ihkl (Nhkl ,ϑ). For example a (111) out-of-plane
textured silver film with a thickness d = 10 nm corresponds to a number of 43 atomic planes
with a distance of d111 = 2.35 Å. Hence, it becomes immediately clear that the fringes include
information about the number of coherently scattering planes [101]. However, these fringes
appear only for a perfectly oriented film [102] and they are mainly disturbed by two influences.
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δ
d
Figure 3.11: Schematic representation of the influence of deviations from the mean thickness. In-
creasing inhomogeneities due to large deviations δ from the film thickness d ultimately result in the
cancellation of the condition for constructive interference, thereby causing the disappearance of the
Laue fringes (taken and modified from [100]).
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Figure 3.12: Schematic presenting the influence of dislocations on Laue fringes. Dislocations within
a solid are resulting in a modification of the lattice spacing, thereby disturbing the constructive in-
terference of the reflected x-ray beam.
Those two factors are the mean deviation δ from the average thickness d of the layer as well as
dislocations contained in the film. Fig. 3.11 visualizes the influence of the thickness deviation
δ. It can be seen that the thickness variation can be approximated by a Gaussian-distribution
function. If the value for δ is too high, the condition for constructive interference is no longer
fulfilled due to the distinct inhomogeneity of the layer and as a result the Laue fringes will
disappear. Beyond that, dislocations present in the film locally alter the lattice spacing and
thereby disturb the constructive interference which in turn leads to the disappearance of the
Laue fringes (see Fig. 3.12).
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Table 3.1: Summary of the relevant Ag and ZnO 2Θ peak positions measured with CuKα radiation.
Material (hkl) 2Θ peak position [°]
ZnO (002) 34.429
Ag (111) 38.149
ZnO (004) 72.584
Ag (222) 81.619
Ag (333) 156.591
Coming back to the system consisting of Ag and ZnO layers, it becomes immediately clear that
due to the presence of textured layers BBXRD is suited for the in-depth evaluation of the cor-
responding crystal structures. Additionally, ω scans can be executed to resolve the tilt of the
preferred out-of-plane lattice planes for the silver and zinc oxide films. It is well-known from
literature that the hexagonal ZnO exhibits a preferred (002) orientation. The chosen ZnO seed
layer in combination with the low surface free energy for the fcc (111) plane leads to Ag (111)
growth. Accordingly, it is anticipated and also later experimentally demonstrated (compare
Sect. 4.2) that the peaks listed in Tab. 3.1 should be observed for Ag and ZnO. Primarily, the first
two peaks can always be observed. A striking feature that needs to be addressed is the shift of
the ZnO (002) peak position for the layers fabricated in the present work and the consequences
that result from this feature. The Bragg peak position permits the determination of the lattice
spacing dhkl and provides insights into the macrostrain. The so-called macrostrain is an ef-
fect that affects the whole sample and describes a lattice distortion due to a uniform strain.
Consequently, a variation of dhkl is accompanied by a shift of the Bragg peak position that is
immediately accessible in a XRD scan. Beyond that, the change of the interplanar spacing dhkl
is equivalent to a change of the corresponding lattice parameter. In the case of (002) textured
ZnO, a peak shift influences the out-of-plane c-axis, thus it could lead to a variation of the in-
plane lattice parameter a as well. Based on the shift of the ZnO (002) peak towards lower 2Θ
values and therefore increased values for dhkl as well as c, a decrease of the in-plane lattice
parameter a is assumed due to the expected elastic response of the lattice. This effect is also
called «rubber band-like» behavior in the present work. Hence, a diminishing lattice mismatch
between ZnO and Ag is expected. As a consequence, observing such an effect in XRD scans can
also contribute to a systematic investigation of the lattice mismatch between ZnO and Ag as
well as its impact on Ag conductivity.
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3.2.1.2 Probing and analyzing the peak broadening of XRD reflections
measured by Bragg-Brentano scans and rocking curves
As will be discussed hereafter, especially the broadening of the peaks appearing in θ-2θ andω
scans is of vital interest. To be able to interpret the measured data, the most important phe-
nomena leading to peak broadening will be introduced. The qualitative evaluation of peak
broadening requires the mathematical description of the gathered peaks. In this regard, as-
sessing the Full Width Half Maximum (FWHM) of the x-ray diffraction peaks is of paramount
importance. The mathematical description of the XRD reflections can be achieved by fitting the
peaks assuming that the intensity distribution of the diffracted x-ray beam is the linear com-
bination of two different functions. In general, diffraction peaks are characterized by pseudo-
Voigt functions defined as [103]
I (x)= I0
(
ηL(x)+ (1−η)G(x)) (3.18)
where
L(x)= 1
1+
(
(x−x0)
σ
)2 (3.19)
and
G(x)= exp
(
− ln(2) ·
(x−x0
σ
)2)
(3.20)
are the Lorentzian L(x), also called Cauchy, and Gaussian G(x) contributions, respectively [103],
[104]. In the equations Eq. 3.18, Eq. 3.19 and Eq. 3.20, x0 is the 2Θ center position of the peak,
η is a weighting factor that is between 0 and 1 and the FWHM ∆ is equivalent to ∆ = 2 ·σ. In
the following graph, the importance of the peak shape becomes obvious. The sources of the
observed peak broadening are imperfections arising from the specimen as well as a fixed con-
tribution that has its origin in the instrumental resolution. In detail, the physical quantities that
play a crucial role in the peak broadening are connected to the grain size, given by the vertical
and lateral coherence length, and microstructural defects like microstrain and tilt or twist [105].
In addition to these effects, dislocations can influence the broadening as well. Screw disloca-
tions with their Burgers vector~b parallel to the dislocation line~l and edge dislocations with the
Burgers vector ~b perpendicular to the dislocation line~l have an influence on the broadening
in θ-2θ scans and in ω measurements, respectively. Correspondingly, tilt is defined as a mis-
orientation due to screw dislocations and describes a tilted out-of-plane orientation, whereas
twist is a consequence of an in-plane rotation of the blocks around the surface normal [106].
In this case, the misorientation is based on edge dislocations. A visualization of the effects is
displayed in Fig. 3.13 [107], [108].
The consequences of those influences for the peak broadening in XRD measurements are sum-
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Figure 3.13: Visualization of the quantities that influence the FullWidthHalfMaximum (FWHM) of
x-ray diffraction peaks. (a) displays several types of possible defects influencing the FWHM, namely
the vertical and lateral coherent length as well as tilt angle and twist, whereas (b) shows an edge dis-
location and (c) a screw dislocation (based on [108] and [107]).
marized in a schematic reciprocal space map shown in Fig. 3.14 [109]. It displays the broaden-
ing due to the previously discussed effects namely tilt, twist and limited size as well as micros-
train and composition or strain gradients [110], [111], [112]. From the figure, one can immedi-
ately derive the impact of the broadening along the ~Qz and ~Qx or ~Qy directions for the different
scan geometries that were shown in Fig. 3.10. It becomes clear that a θ-2θ measurement can
only resolve the influence of a limited vertical grain size as well as the impact of vertical micros-
train on the peak due to the already stated fact that a θ-2θ scan only probes along the ~Qz axis.
Accordingly, features, which make a contribution in the direction of ~Qx or ~Qy , are beyond the
capacity of such a scan. This limit directly demonstrates the necessity for rocking curves. As
explained before, the correspondingω scan can be used to resolve the tilt of the lattice planes
that are expected to be oriented parallel to the substrate. With such a measurement, it is pos-
sible to determine the quality of the lattice plane orientation. A sharp peak, that depends only
on the instrumental resolution, is expected for ω = Θ in the ideal case of a semi-infinite per-
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Figure 3.14: Directional dependence of different factors contributing to the FWHM of XRD peaks.
The graphic demonstrates the influence of several effects listed in (a), (b), (c) and (d) on the broad-
ening in ~Qz and ~Qx/y direction. (a), (c) and (d) are measured in either symmetric or asymmetric scan
geometry, whereas (b) is only accessible in skew symmetric geometry. Thereby, the skew symmetric
scan geometry describes the rotation of the sample around φ by 90° and the simultaneous setting of
a ψ offset according to the standard equations for interplanar angles (see Eq. 5.1). Attention should
be paid to the fact that additional origins of peak broadening in the direction out of the page could be
also either limited size or microstrain. Consider that the graphic is a two-dimensional representation
of broadening that can occur in all three dimensions. (Taken and modified from [109]. Copyright by
IOP Publishing. Reproduced by permission of IOP Publishing. All rights reserved.) For a detailed
review see Moram and Vickers [109].
fect crystal. Slightly tilted planes lead to a broadening of this peak. The analysis of the peak
broadening discovered inω scans of peaks along ~Qz gives information about the lateral grain
size, the lateral microstrain and furthermore the tilt of lattice planes. In contrast, twist can be
measured withω scans of off-axis reflections or in skew symmetric diffraction geometry [106].
In the following, the analytical methods that can be used to derive those physical quantities
from the peak parameters measured in θ-2θ and ω scans are described. The corresponding
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calculations are done within the framework of the so-called Williamson-Hall plots [113]. These
analyses can be done in real or reciprocal space. Formulas for both cases will be given.
The goal of the analytical method for θ-2θ scans is to divide the contributions of vertical grain
size and microstrain to the measured FWHM of the observed peaks. The contributions can be
described by the following formulas [114], [115]
cosΘ ·∆s = 2sinΘ ·∆² (3.21)
cosΘ ·∆v = λ ·K
D
. (3.22)
∆s and ∆v are the contributions of microstrain and vertical grain size to the FWHM when plot-
ting the intensity versus the angle 2Θ. ∆² is the variation of the strain ². λ is the x-ray wave
length and D is the vertical coherence length, hence the vertical grain size. K is an empirical
constant which takes into consideration the shape of the crystallites in the sample. It varies
between 0.89 and 1.39 [116] and is assumed to be 0.9 in the present analysis which is a good
approximation [67], [117]. The first formula or Wilson formula covers the peak broadening due
to microstrain, whereas the second one is called Scherrer equation and describes the contri-
bution due to the fraction of the vertical grain size that scatters the incident x-ray beam co-
herently. The first effect, called microstrain and described by the Wilson formula, is based on
a microscopic variation of the lattice constants due to local disturbances of the lattice. Each
deviation is resulting in a variation of the detected peak position. Due to the random nature of
the local disturbances, the consequence is a broadening of the original peak that is based on
a specific lattice distance, now modified by the appearance of microstrain. In contrast to the
previously described macrostrain, where a constant strain ² leads to a constant change of the
lattice distance dhkl and therefore to a shift of the Bragg peak, the microstrain emanates from a
nonuniform strain. This variation of the strain∆² is leading to a variation of the lattice distance
causing a peak broadening of the corresponding Bragg angle Θ (compare Eq. 3.21).
In contrast, the Scherrer equation (see Eq. 3.22) describes the peak broadening due to the lim-
ited number of lattice planes in the case of a well-defined and finite vertical grain size. Nev-
ertheless, it must be pointed out that the above mentioned Eq. 3.22 is only valid for average
vertical grain sizes up to 100 nm to 200 nm, whereas the upper limit depends on the instru-
ment, sample and signal-to-noise ratio [118]. It is found that both Wilson formula and Scherrer
equation have a different dependency on the Bragg angleΘ. Hence, by comparing peaks of dif-
ferent orders at different 2Θ positions, the influence of microstrain and vertical grain size can
be separated. If in addition to the above discussed influences the instrumental contribution
to the FWHM is known, this term can be subtracted and the following relationship is obtained
[108]
cosΘ ·∆s+v = λ ·K
D
+2 ·∆² · sinΘ (3.23)
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which is named 2θWilliamson-Hall [113]. Eq. 3.23 allows an analysis of the real space data. For
the reciprocal space the next equation is valid
∆Qnz = dhkl ·K
D
+∆² ·Qnz . (3.24)
The value ∆Qnz is the normalized FWHM in reciprocal space. The normalized perpendicular
wave vector is determined by
Qnz = 2dhkl
λ
sinΘ. (3.25)
Hence, the conversion of the equations from real to reciprocal space is given by the derivation
of
∆Qnz
∆Θ
= 2dhkl
λ
cosΘ=⇒ cosΘ ·∆Θ= λ
2dhkl
∆Qnz . (3.26)
Inserting the result of Eq. 3.26 and ∆s+v = 2 ·∆Θ as well as Eq. 3.25 in Eq. 3.23 results in Eq. 3.24
λ
dhkl
∆Qnz = λ ·K
D
+∆² λ
dhkl
Qnz . (3.27)
Using these formulas, the desired quantities can be determined by plotting cosΘ ·∆s+g versus
sinΘ in real space or ∆Qnz versus Qnz for the reciprocal space. Afterwards, a linear fit is per-
formed in both cases. By analyzing the slope, the microstrain can be calculated, whereas the
intercept with the y-axis is used to obtain the vertical grain size.
In the reciprocal space, Fig. 3.15 can be used to visualize the contributions of the parallel and
the perpendicular wave vectors when scanning through the reciprocal space. Furthermore, the
following formula can be derived forω-2θ scans
~Qn =
 Qnp
Qnz
= dhkl
λ
 cos(2Θ−ω)−cosω
sin(2Θ−ω)+ sinω
 . (3.28)
Hence, in the special case of θ-2θmeasurements
~Qn =
 Qnp
Qnz
= dhkl
λ
 0
2sinΘ
 . (3.29)
applies. For the measured rocking curves and BBXRD, the corresponding formulas for the nor-
malized perpendicular and parallel wave vectors are Qnz = 2 dhklλ sinΘ and Qnp = dhklλ (cos(2Θ−
ω)−cosω), respectively. The given Qnp holds only for small variations around Qnz .
Based on the theory presented previously, rocking curves scan the ~Qp direction for small varia-
tions around the ~Qz direction and can provide information about planes that are not perfectly
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Figure 3.15: Graphic for the determination of Eq. 3.28. The figure visualizes the contributions of the
parallel and perpendicular wave vectors when scanning through the reciprocal space.
parallel with respect to the substrate surface, because the sample is tilted during the measure-
ment. It allows a study of mosaicity, dislocations and curvature. All these defects create disrup-
tions in the perfect parallelism of the atomic planes and contribute to the FWHM ∆RC that is
given by
∆2RC =∆20+∆2i +∆2α+∆2s +∆2l +∆2w (3.30)
with∆0 the intrinsic rocking curve width of the crystal,∆i the instrumental broadening,∆α the
lattice rotations tilt and twist which are due to dislocations, ∆s the lattice strain at dislocations
(microstrain), ∆l the limited lateral correlation length and ∆w the wafer curvature. Hence, us-
ing this knowledge the formula to perform ω Williamson-Hall plots in real space for rocking
curve data is [119], [108]
2 · sinω ·∆α+l =
λ ·K
L
+2 ·α · sinω. (3.31)
If the remaining contributions, that are listed above, are either known and therefore can be
subtracted again or are negligible, plotting 2 · sinΘ ·∆α+l versus sinΘ and performing a linear
regression leads to values for the lateral grain size L and the tilt α in the case of symmetric
scans ω = Θ. For the materials investigated in this work, only the contributions of ∆α and ∆l
are crucial and thus evaluated.
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3.2.1.3 Intensities of diffracted beams
In order to perform Williamson-Hall analyses, it is mandatory to compare peaks of different or-
ders at different 2Θ positions. With the setup mainly used for data recording, only the Ag (111)
and Ag (222) peak could be observed. The Ag (333) diffraction peak at a 2Θ angle of 156.591°
is beyond the scan range of this diffractometer. Hence, an in-depth analysis of the remaining
two peaks becomes even more important. From this point of view, the intensities of diffracted
beams will be discussed in the following [67]. For the sake of completeness, the necessary cal-
culations are performed for all three silver peaks, namely the (111), (222) and (333) reflections.
In general, the detected intensity of a diffracted x-ray beam is affected by the atomic positions
and therefore, developing a comprehensive understanding of the link between the atom posi-
tions and the intensity is necessary. There are six different factors
Ihkl ∝|Fhkl |2 ·p · fLp · A · fT (3.32)
influencing the diffracted intensity Ihkl
1. polarization factor fp
2. structure factor Fhkl
3. multiplicity factor p
4. Lorentz factor fL
5. absorption factor A
6. temperature factor fT
and four of these factors depend on Θ. These are the polarization, structure, Lorentz and tem-
perature factors. As a consequence, just these factors affect the intensities of different peaks
belonging to one peak family. Nevertheless, in the next paragraphs all six will be briefly intro-
duced. In Eq. 3.32 the polarization factor fp and the Lorentz factor fL have been combined to
the Lorentz-polarization factor fLp .
As a first step, the modification of the intensity due to the structure factor is summarized. This
factor describes the scattering by a unit cell and the resulting relative intensity of the peaks
depends on the basis and the scattering potential of the corresponding atoms. It is given by
Fhkl =
N∑
1
fn ·exp
(
i · ~Ghkl · ~rn
)
(3.33)
with ~Ghkl and ~rn defined as the reciprocal space vector ~Ghkl = h~b1+k~b2+ l ~b3 and the position
vector ~rn = un ~a1+ vn ~a2+wn ~a3 describing the position of atom n, respectively. With ~ai · ~b j =
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Figure 3.16: Angular dependency normalized to the wavelength of the atomic scattering factor of
silver. The values for the peaks belonging to the silver peak family with h = k = l are marked. These
are the peaks later evaluated. The data points were taken from [67] and interpolated.
2piδi j , the structure factor can be rewritten as
Fhkl =
N∑
1
fn ·exp(2pii (hun +kvn + l wn)) (3.34)
where N is the number of atoms in the unit cell and un , vn , wn are the fractional coordinates
for the atom n. The atomic scattering factor fn is a measure of the efficiency to scatter x-rays of
a given atom in a given direction. Furthermore, it defines the amplitude ratios
fn = amplitude of the wave scattered by atom n
amplitude of the wave scattered by one electron
(3.35)
and is sometimes called form factor because it depends on the electron distribution around the
nucleus. As can be seen in Fig. 3.16, f decreases as the quantity sinΘ/λ increases. Particularly,
Fig. 3.16 shows the angular dependency of the atomic scattering factor of silver. In the plotted
data, the values for the silver peaks belonging to the h = k = l peak family are highlighted.
These are the peaks which will be evaluated later .
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In comparison, the structure factor Fhkl is complex-valued in general but the corresponding
absolute value |Fhkl | can be also expressed as a ratio of amplitudes
|F | = amplitude of the wave scattered by all the atoms of a unit cell
amplitude of the wave scattered by one electron
. (3.36)
The diffracted intensity is proportional to |Fhkl |2 and thereby Eq. 3.34 establishes a relation that
connects the atomic position within a unit cell with the intensity of any (hkl) reflection. In the
case of silver with a basis consisting of one element, Eq. 3.34 can be modified to
Fhkl = f (1+exp(ipi(h+k))+exp(ipi(h+ l ))+exp(ipi(k+ l ))) (3.37)
resulting in F111 = F200 = 4 f for purely even or odd Miller indices like (111) or (200) and 0 oth-
erwise.
In a next step, the Lorentz-polarization factor is introduced. This factor consists of two differ-
ent contributions with angular dependency. The first one is the polarization factor that con-
siders the x-ray scattering by an electron and the second one called Lorentz factor summarizes
trigonometrical factors influencing the intensity. In detail, the polarization factor originates
from the force that an electromagnetic wave like an x-ray beam exerts on charged particles
like an electron. The oscillating electric field will stimulate the electron to perform an oscillat-
ing motion. This motion is accompanied by the emission of an electromagnetic wave. Thus,
the electron scatters x-ray radiation by responding to the incident beam with an emanating
coherent wave featuring the same wave length and frequency. In contrast, the Lorentz factor
is needed to account for the broadening of the intensity peak due to the rotation of the crys-
talline sample through the Bragg angle ΘB during the measurement. In sum, both factors are
combined to the Lorentz-polarization factor. The related formula for a single crystal in an un-
polarized primary beam [120]
fLp = 1+ (cos(2Θ))
2
sin(2Θ)
(3.38)
is also applied for the present case of textured samples and the resulting angular dependency
is shown in Fig. 3.17. It shall be remarked that the corresponding factor for powder specimens
is given by
fLp = 1+ (cos(2Θ))
2
(sinΘ)2 cosΘ
. (3.39)
If in addition thermal motion of the atoms is taken into consideration, another angle-dependent
factor has to be added, the so-called temperature factor. The consequences of temperature-
induced motion are an increased background in XRD measurements, a decrease of peak inten-
sities which already appears in the harmonic approximation and an expanding unit cell that
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Figure 3.17: Angular dependency of the Lorentz-polarization factor. In the figure the values for the
silver peaks belonging to the peak family with h = k = l are marked.
leads to a shift of the 2Θ peak position which is an anharmonic effect and can be very small.
The effect of decreasing peak intensities enters the intensity calculation via the factor
fT = exp(−2M) (3.40)
in which M can be expressed by the following approximation
M = 6h
2T
mkBΘ2D
(
Φ(x)+ x
4
)(sinΘ
λ
)2
(3.41)
with
6h2T
mkBΘ2D
= 1.15 ·10
4T
AΘ2D
. (3.42)
The aforementioned expression for M is only valid for cubic systems. In Eq. 3.41 and Eq. 3.42 h
is the Planck’s constant, kB Boltzmann’s constant, T the absolute temperature, m the mass of
the moving atom, ΘD the Debye temperature in K, x =ΘD /T , A the atomic weight and Φ(x) is
a function whose values are listed in tables and can be looked up for example in [67]. Eq. 3.42
already includes the units of A andλ if they are given in u = 1.661·10−27 kg and Å. The following
values are valid for silver: ΘD = 210 K, A = 108, x = 0.707 and Φ(0.707)= 0.839 [67].
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Table 3.2: Summary of the x-ray intensities calculated from the angle-dependent factors based on
Eq. 3.43.
Intensity Ihkl [a.u.]
I111 3109
I222 526
I333 1006
Table 3.3: Summary of the x-ray intensities after taking the probed sample volume into account. The
table contains the additional factor due to the probed sample volume that is proportional to sinω−1,
the resulting intensity and the relative intensity IR = Ihkl /I111.
Factor fsv Intensity Ihkl [a.u.] Relative intensity IR
I111 3.06 9513 1
I222 1.53 805 0.085
I333 1.02 1026 0.108
Finally, those factors are discussed that are independent ofΘ. Starting with the multiplicity, the
related factor p takes into account all planes contributing to the same reflection. Hence, the
multiplicity factor is defined as the number of different planes having the same lattice spacing.
Considering a cubic crystal like fcc silver, the multiplicity factor is 6 for the {100} planes (100),
(010), (001), (100), (010), (001) compared to 8 for the {111} planes (111), (111), (111), (111),
(111), (111), (111), (111). The value of p depends on the crystal system analyzed. The second
factor independent of Θ and the last one remaining is the absorption factor that regards the
absorption taking place in the specimen.
The intensities that are calculated from the angle-dependent factors based on the following
equation
Ihkl ∝ f 2 · fLp ·exp(−2M) (3.43)
are listed in Tab. 3.2. In a next step, the variation of the penetration depth due to the differing
sample volume that is probed in a θ-2θ scan is considered. A schematic view of the geometric
considerations is shown in Fig. 3.18.
This leads to an additional factor that is proportional to sinω−1 and can be multiplied with the
values given in table Tab. 3.2. The factors and the results are summarized in Tab. 3.3.
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Figure 3.18: Sketch of the probed sample volume including the formula for the angular dependency.
The quantities given in the figure are the film thickness d , the beam width of the x-ray setup b, the
length of the x-ray line focus h and the aforementioned anglesω and 2Θ. As the sketch illustrates, the
probed sample volume V is proportional to sinω−1.
3.2.1.4 Pole figure measurements and twinned crystals
As mentioned previously, pole figures are needed to gain further information about the texture
of the samples. Especially, the in-plane texture of specimens can be probed using this method.
A pole figure scan is defined as a measurement of the sample in which the ψ and φ angles are
varied. Typically, ψ is measured between 0° and 90° whereas the horizontal rotation φ of the
film represents the polar coordinate and is changed between 0° and 360°. In contrast, the 2Θ
and ω angles are aligned to a certain interplanar spacing and kept constant during the mea-
surement. Hence, by performing a pole figure a circular area in the reciprocal space is probed.
Due to the variation of ψ, it is necessary to change the focus of the tube from line to point
focus. Hereby, the beam width parallel to the surface of the specimen is decreased and a point-
shaped spot on the sample is illuminated by the x-ray beam. The measured intensity is plotted
color-coded in a 2-dimensional graph or described by a 3-dimensional profile. The graphical
visualization in Fig. 3.9 shows the 2-dimensional depiction and at the same time illustrates the
expected results for pole figure scans of miscellaneous films. For non-textured polycrystalline
films, the corresponding pole figures show a uniform intensity distribution originating from
the random distribution of crystallites. In the case of fiber texture in which columnar growth of
the crystallites takes place, a ring-shaped intensity pattern appears for certain tilts in ψ direc-
tion. This ring-shaped diffraction pattern results from a lattice plane that is tilted with respect
to the out-of-plane orientation. Therefore, the correspondingψ angle obtained is directly con-
nected to the angle between the surface normal and the lattice plane probed in the pole figure
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measurement. The settings for 2Θ determine which interplanar lattice spacing is probed. The
ring-shaped intensity distribution is due to the absence of an in-plane orientation and the ran-
dom orientation of crystallites in a fiber textured specimen. Hence, such a film is rotationally
symmetric. Furthermore, if planes are coincidentally probed that have the same interplanar
spacing than the lattice planes which are oriented parallel towards the substrate surface and
thereby represent the out-of-plane orientation, a strong central peak is additionally observed.
For samples that possess both an out-of-plane as well as an in-plane texture, the rotational
symmetry vanishes and the pole figure exhibits single peaks at certain ψ and φ values as well
as the additional central peak if the same conditions are valid that have been stated previously.
The number of observed peaks depends on the symmetry of the unit cell and the probed lattice
planes of the analyzed material as well as the substrate used. The introduction of the crystal
symmetry to explain the number of observed peaks directly leads to the concept of twinned
crystals in which a crystal has two parts which are symmetrically related to each other. Thus,
subsequently the influence of twinned crystals on pole figure measurements is discussed. As
an example the crystal twinning of an fcc lattice is chosen and below described [67], [121]. To
this end, Fig. 3.19 visualizes the two twin domains of such a lattice.
The relationship between the two twinned regions of a crystal is defined by the symmetry op-
eration necessary to bring both parts in line. This symmetry operation could be either a 180°
rotation about an axis, called twin axis, or a reflection across a plane, called twin plane. In
contrast, the plane that unites both parts of a twinned crystal is named composition plane.
In (a) the plane of the drawing is (110) whereas the composition plane is marked in red and
represents the (111) plane which is the twin plane at the same time. Furthermore, in the cho-
sen example both kinds of twinning are identical due to the high symmetry of the fcc lattice,
meaning the twin crystal cannot only be created by a reflection across the (111) plane but also
by a 180° rotation around the [111] axis. Thus, as a result of such twinned crystals, the crystal
symmetry of the fcc lattice can appear to be six-fold in a pole figure compared to the three-fold
symmetry one would expect based on the crystal structure. Hence, when analyzing a pole fig-
ure, twinned crystals need to be considered, otherwise a higher symmetry might be assumed
for the measured material than the corresponding unit cell originally possesses. In addition,
such a twinned crystal would disturb the stacking sequence A B C A B C... of a film having a reg-
ular fcc structure and introduce a stacking fault leading to a defect as well as resulting in an
altered sequence C B A C B A... The sketch in (b) displays another visualization of twinning by
looking at two equivalent possibilities (blue and purple dots) for the growth of a cubic film on
top of the surface of a (111) orientated cubic substrate (gray dots). Considering only the sur-
face atoms, both atomic arrangements are energetically equivalent and therefore it is clear that
a (111) textured film should exhibit both. The plane of the drawing is (111).
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Figure 3.19: The graph in (a) shows the twin domains of an fcc lattice (picture redrawn from [67])
whereas (b) demonstrates twinning by looking on two equivalent possibilities (blue and purple dots)
for the growth of a cubic film on top of the surface of a (111) orientated cubic substrate (gray dots).
Both atomic arrangements are energetically equivalent and therefore it is clear that a (111) textured
film should exhibit both. The plane of the drawing in (a) is (110) and (111) in (b). Open circles repre-
sent atoms in the plane and filled circles those atoms in the layers above or below.
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3.2.2 X-ray reflectometry
The x-ray reflectometry method is based on the reflection of x-rays and the measurement of
the reflected intensity in the specular direction. It is a surface-sensitive analytical technique
that allows the determination of film thickness, mass density and layer roughness, even for
layer stacks consisting of several different layers. In detail, the method takes advantage of the
fact that the incident x-ray radiation is reflected at interfaces caused by the differing electron
densities of adjacent layers [122], [123]. Thus, the electron density is the analogue of the re-
fractive index in the classical optics and therefore, the next formula (Eq. 3.44) establishes the
complex-valued refractive index n˜(~r )
n˜(~r )= 1−δ(~r )+ iβ(~r ) (3.44)
needed to describe the reflection of x-rays from matter. Eq. 3.44 includes the dispersion δ(~r )
and absorption β(~r ) given by the two terms
δ(~r )= λ
2
2pi
reρ(~r )
N∑
j=1
f 0j + f
′
j (E)
Z
(3.45)
and
β(~r )= λ
2
2pi
reρ(~r )
N∑
j=1
f
′′
j (E)
Z
= λ
4pi
µ(~r ). (3.46)
In general, δ(~r ) is in the order of 10−6 for x-rays resulting in a real part of the refractive in-
dex that is slightly smaller than unity and this value is usually at least one order of magnitude
higher than the absorption β(~r ) [124]. In the equations above, the following physical quan-
tities are introduced: The x-ray wavelength λ, the classical electron radius re = e2/(4pi²0mc2)
as well as Z = ∑ j Z j the total number of atoms where Z j identifies the number of electrons
for each material if a layer stack is considered. Furthermore, Eq. 3.45 and Eq. 3.46 include the
density ρ(~r ) and the linear absorption coefficient µ(~r ). f 0j , f
′
j (E) and f
′′
j (E) are linked with f j by
f j = f 0j + f
′
j (E)+ f
′′
j (E) and specify the energy dependent dispersion and absorption corrections.
f j denotes the strength of the oscillations that the electrons are forced to undertake due to the
incoming electromagnetic wave. The reflectometry measurement is performed by a variation
of the incident angle of the primary beam and the simultaneous detection of the reflected in-
tensity by moving the detector accordingly. Consequently, the scan is done in θ-2θ geometry
where the angle of incidence is equal to the angle of reflection. In the case of glancing incident
and exit angles, f 0j can be approximated by f
0
j ≈ Z j . Using this approximation and assuming a
homogenous medium as well as being far away from absorption edges, the refractive index can
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Figure 3.20: Overview of the angles for incident, reflected and refracted beams in the case of an
electromagnetic wave hitting a vacuum/medium interface.
be rewritten to
n = 1− λ
2
2pi
reρ+ i λ
4pi
µ. (3.47)
Considering a single interface between vacuum and a given medium, the law of refraction
states
cos(αi )= (1−δ)cos(αt ) (3.48)
with cos(αt ) designating the angle for the refracted radiation. A schematic overview of the
angles is given in Fig. 3.20. It should be noted that for x-rays all angles are measured towards
the surface, not against the surface normal, as is the case in optics.
For such an interface, total reflection of the x-ray beam occurs below a certain critical angle
α<αc . At this angle, the total intensity is reflected and αc can be calculated by
αc ≈
p
2δ=λ
√
reρ
pi
. (3.49)
At this point, it should be underlined that this formula (Eq. 3.49) connects the electron density
with the critical angle of the material. Typically, the critical angle is below unity for most ma-
terials. Nevertheless, in most cases there is not only one interface that needs to be considered
but at least two. Those are the air/medium and the medium/substrate interfaces. Beyond that,
each additional layer results in another interface that has to be taken into account. Therefore,
N deposited layers lead to N +1 interfaces. As a consequence, the beams reflected at all inter-
faces overlap and lead, for incidence angles above αc , to an interference pattern, the so-called
Kiessig fringes. From the distance of the intensity maxima, the layer thickness can be calculated
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Table 3.4: Summary of sample properties determined from XRR data and fit shown in Fig. 3.21 for
an exemplary ZnO single layer on a standard glass substrate.
ZnO
Thickness d [nm] 18.6
Density ρm [gcm−3] 5.67
Roughness [nm] 0.4
via
d = 2pi
∆qz
≈ λ
2∆αi
(3.50)
with qz representing the wave vector transfer defined before in Sect. 3.2.1. Thus, in contrast
to the formation of Laue fringes which is due to constructive interference of the incident x-ray
beam diffracted by the well-ordered lattice planes, the Kiessig fringes arise from the interfer-
ence of the incident x-ray beam reflected at the different film interfaces. Next, the influence of
interface roughness is discussed. To this end, σ j ¿ d has to be valid where σ j describes the
RMS roughness of the films. The introduction of roughness has two consequences: Firstly, the
interference oscillations are damped by the roughness and secondly, the intensity decreases
much faster with increasing incidence angle. For further information regarding the theory of
x-ray reflectometry see [122] and [125].
After establishing the basic principles of XRR, in a next step the determination of the above
mentioned physical quantities d , σ and the mass density ρm by fitting is summarized. In the
following, exemplary XRR measurements as well as fits and the corresponding results are dis-
played and discussed for selected layers sputtered in the course of this work. The data fitting
was performed with the Philips software WINGIXA. To start with, the XRR data as well as the
related fit of a ZnO single layer are shown in Fig. 3.21. The figure also includes a sketch of the
parameters provided by the corresponding fit. It depicts that the thickness is defined by the
period of the oscillations, whereas the roughness results from the height and shape of the os-
cillations. Additionally, the mass density is given by the angle at which total reflexion occurs. In
the case presented, ZnO was deposited on a standard glass substrate and the incidence angle
αi was renamed to ω. For further explanations see Sect. 3.2.3.
The graph reveals that the measurement and the fit are in good agreement. A similar fit qual-
ity is found for the majority of samples analyzed by XRR. Next, Tab. 3.4 summarizes the layer
properties identified by fitting the ZnO film shown above. Besides offering the possibility to
characterize single layers, XRR can also be used to evaluate layer stacks consisting of several
films. Such an example is displayed in Fig. 3.22. Here, the XRR measurement of an Ag/ZnO
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Figure 3.21: The graph shows a typical fit of an exemplary XRR measurement of a single ZnO layer
deposited on glass. As the plotted data reveal, the measurement and the fit are in good agreement.
The same fit quality can be achieved for the majority of the samples discussed in this work. In addi-
tion, the subsequently listed three physical properties determined from an XRR fit are schematically
drawn in the graph. These parameters are the density, thickness and roughness of the layer.
layer stack deposited on a silicon wafer as well as the corresponding fit are shown. Again, a
good agreement between the fitted curve and the data measured is found. Moreover, the dif-
ferent, superimposed thickness oscillations originating from the two layers are visualized in the
graph. The thin Ag film results in broad Kiessig oscillations marked in blue and overlapped by
smaller oscillations caused by the thicker ZnO seed layer colored in orange.
However, if silicon wafers are used as substrates, it needs to be considered that a native silicon
dioxide layer is forming on top. Therefore, the fit performed also includes an additional SiO2
layer that improves the result. A summary of the fit data is given in Tab. 3.5.
3.2.3 X-ray equipment
The measurements discussed were mainly performed with a PANalytical X’Pert Pro x-ray setup
specifically designed and fabricated by Philips for thin film analytics. This computer-controlled
system uses CuKα radiation with a wave length of 1.5405 Å. Several manual and automatic
slits as well as different detectors permit BBXRD and rocking curve scans. Furthermore, x-
ray reflectometry (XRR) and grazing incidence (GIXRD) measurements are possible with this
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Figure 3.22: The graph shows a typical fit of an exemplary XRR data set of a Ag/ZnO two layer system
sputtered onto a silicon wafer. As the plotted data reveal, the measurement and the fit are in good
agreement. A corresponding fit quality could be achieved for the majority of the samples discussed
in this work. Furthermore, the thickness oscillations originating from the two layers are schemati-
cally outlined in the graph. The thin Ag film results in broad Kiessig oscillations marked in blue and
overlapped by smaller oscillations caused by the thicker ZnO seed layer colored in orange.
Table 3.5: Summary of sample properties determined from XRR data and fit shown in Fig. 3.22 for
an exemplary Ag/ZnO layer stack deposited on a silicon substrate. Due to the native silicon dioxide
layer forming on top of a silicon wafer, an additional SiO2 layer was implemented and also fitted.
Ag ZnO SiO2
Thickness d [nm] 12.7 54.0 2.4
Density ρm [gcm−3] 10.45 5.42 2.64
Roughness [nm] 0.7 < 0.1 0.2
64
Section 3.2: Methods of x-ray analysis
y
xz
ω
ψ
Φ
2Θ
Figure 3.23: Image of the x-ray setup used to perform x-ray reflectometry, Bragg-Brentano and rock-
ing curve measurements. The angles and directions accessible with the setup are sketched.
flexible tool. An image of the setup and the relevant angles as well as a supplemental schematic
drawing is given in Fig. 3.23 and Fig. 3.24.
In Fig. 3.23 the Eulerian cradle can be seen in the middle of the Cartesian coordinate system,
whereas on the left side are two arms for diffracted optics and detectors. Both positions are
used for the measurements performed. For the rocking curves, a Xe-gas-filled proportional
counter (detector) is used on the upper beam path (higher z-values). The BBXRD scans are
done with a position sensitive detector that allows simultaneous measurements on 128 chan-
nels. As an advantage, it features a very high scanning speed and has an extremly good res-
olution for highly crystalline samples. In both cases soller slits are and additional divergence
slits can be included in the beam path to minimize the lateral and vertical beam divergence.
On the right side the tube shield of the x-ray source is visible. Directly beneath, the incident
optics containing two divergence slits, a soller slit, an additional position for a nickel (Ni) filter
and an automatic Ni beam attenuator can be found. The Ni filter is necessary to filter the CuKβ
fraction of the x-ray beam, whereas the attenuator is needed to weaken the beam intensity in
the case of a direct beam alignment using the Xe-gas-filled proportional counter. Disadvanta-
geous for the planned analysis is the fact that only 2Θ angles up to 158° can be reached. As a
consequence, it is not possible to fully resolve the Ag (333) peak at a 2Θ position of 156.59° and
the Williamson-Hall analysis has to be performed with only two peaks.
At the end of the present work and within the context of the thesis, a second x-ray system was
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Figure 3.24: A schematic view of the diffraction geometry for a sample installed on the sample stage
shown in Fig. 3.23 is given.
purchased by the Institute. The newly bought system is a Bruker AXS D8 Discover that also
uses CuKα radiation. This state-of-art tool features an x-ray mirror for CuKα, also called Göbel
mirror, leading to a highly parallel beam with a much smaller divergence and a substantially
increased intensity. Moreover, the system permits access to higher 2Θ angles up to 161°. Never-
theless, the measurement of the Ag (333) peak depends strongly on the Ag thickness and sam-
ple quality. Further advantages of the new XRD system are the availability of an Asymmetric
Channel Cut (ACC2) Ge (220) two bounce monochromator as well as the possibility to rapidly
change between line and point focus by twisting the x-ray tube. This feature enables the swift
transition to an operation mode that allows the measurement of pole figures and the record-
ing of Reciprocal Space Maps (RSM). In addition the Bruker system utilizes the same parameter
space, angles as well as directions, as the PANalytical setup and therefore can perform the same
variety of measurements. The layout of the Bruker setup including all components is shown in
Fig. 3.25.
3.3 Van der Pauw four point measurements for sheet
resistance determination
To determine the electrical resistance of thin films, the van der Pauw method (abbreviated: vdP)
can be applied [126]. This setup for probing the electrical properties of samples is especially
66
Section 3.3: Van der Pauw four point measurements for sheet resistance determination
Rotatable
x-ray tube
Variable slot (large)
Fixed slit mount
Variable slot (small)
Rotary absorber
x/y/z sample stage
Horizontal soller
(large slot) Knife edge
Motorized variable 
slit (large slot)
Göbel mirror
(small slot)
Variable slit mount
(small slot)
Ge(220) ACC2
(small slot)
Motorized variable 
slit (large slot)
Variable slot (large)
Fixed slit mount
Detector slit
LynxEye detector
Figure 3.25: Image of the newly purchased second x-ray setup also used to perform the above men-
tioned measurements (Fig. 3.23) as well as additional pole figure scans and reciprocal space maps.
The angles and directions accessible with the setup are the same as in the case of the PANalytical
setup.
used if the layer thickness is much smaller than the width and length of the corresponding sam-
ple. Furthermore, it requires small contact areas near the sample edges and a homogeneous
layer thickness as well as the absence of isolating defects. If all these conditions are fulfilled,
the method can be used to determine the electrical resistance of a specimen. In the case of
thin films, the decisive parameter is the sheet resistance RS . The concept of sheet resistance
is always employed if the analyzed samples are considered as two-dimensional systems. Using
this term implies that the current flows along the plane of the sheet and not perpendicular to it
(compare Fig. 3.27).
A schematic overview of the vdP technique is shown in Fig. 3.26. The contacts A and D are
used to source the current through the sample, whereas the voltage is measured across the
contacts B and C. Afterwards, an identical current is sourced through the contacts C and D and
the voltage between contacts A and B is measured.
This test sequence is especially necessary for asymmetric samples because in those cases the
voltages VBC and VAB are different. Beyond that, further reasons for switching the contacts
are the consideration of lead and contact resistances. Based on the van der Pauw method, the
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Figure 3.26: The sketch displays a typical electrical four-point measurement based on the van der
Pauw geometry.
sheet resistance is
RS = pi
ln(2)
·F (Q) ·UAB +UBC
2I
. (3.51)
The factor F (Q) appearing in the formula above describes the geometrical asymmetry of the
specimen and is depending on the value Q
Q =

UAB
UBC
with UBC ≤UAB
UBC
UAB
with UBC ≥UAB
(3.52)
that represents a correction factor. If Q ≤ 10, then F (Q) can be rewritten resulting in the follow-
ing correlation between F and Q [127]
F = 1−0.34657
(
Q−1
Q+1
)2
−0.09236
(
Q−1
Q+1
)4
. (3.53)
For square-shaped samples Q = 1 and F = 1 are valid and deviations of 10 % for Q and 1 %
for F are acceptable. Additionally, in the case of thin films with d ≤ b, l and b = l , the sheet
resistance RS is identical to the resistance R as will be shown in the following paragraph. The
sheet resistance is defined as
RS = ρ
d
(3.54)
with the resistivity ρ. Firstly, it can be deduced from the above mentioned formula Eq. 3.54 that
the sheet resistance increases for thinner films. In addition, the resistivity is given by
ρ =R · AF
l
(3.55)
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Figure 3.27: Overview of the film dimensions.
where AF is the cross-sectional area as can be seen in Fig. 3.27.
Hence, the next relation holds
RS =R · AF
l ·d =R ·
b ·d
l ·d =R ·
b
l
. (3.56)
Now, if the measured layer is square-shaped, the resistance equals the sheet resistance as was
stated above.
3.4 FIB/SEM and TEM
As was discussed in great detail in Sect. 3.2.1, different XRD methods can be applied to ana-
lyze the structural properties of either the silver films or the seed layers used. If supplemental
structural investigations are required to complement the existing data or probe for additional
properties, another structural analysis technique is needed. A technique for resolving disloca-
tions as well as the crystal structure and the interfaces of layer stacks is Transmission Electron
Microscopy (TEM) [56], [128]. Both, the imaging of dislocations and the resolution of interfaces
between neighboring layers, is not possible with x-ray diffraction techniques. Therefore, the
present section highlights the main advantages of TEM [51]. In the course of doing so, the first
challenge en route towards high quality cross-sectional High Resolution TEM (HRTEM) mea-
surements, that has to be overcome, is the preparation of appropriate lamellae. In general, the
sample preparation for TEM measurements is a very demanding and time-consuming process
that involves a Focused Ion Beam/Scanning Electron Microscope (FIB/SEM) system. Hence,
the functionality of such a FIB/SEM setup is also introduced. With the help of a Ga+ ion beam,
a thin lamella can be cut out of the standard 20×20 mm2 sample. For the processing in the
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FIB/SEM setup, it is necessary to use electrically conductive silicon substrates to avoid electric
charging of the specimen and cap the Ag/ZnO layer stack with a 100 nm thick ZnS:SiO2 layer
needed to protect the functional layers during the deposition of platinum. Subsequently, the
platinum layer acts as a protection layer during the preparation of the TEM lamella. After es-
tablishing ideal processing parameters, it was possible to manufacture suitable lamellae with a
thickness thinner than 80 nm using a FEI Helios Nanolab 650 FIB/SEM system [129]. The basic
preparation steps are shown in Fig. 3.28.
The following TEM measurements were performed with a FEI Tecnai F20 by Manuel Bornhöfft
at the Gemeinschaftslabor Für Elektronenmikroskopie (GFE) of the RWTH Aachen and the re-
sults obtained as well as the conclusions drawn from those experiments are discussed later in
Sect. 4.2.1. At this point the basic principles and the concept behind TEM are explained.
TEM enables the direct imaging of objects using an electron beam typically operated at stan-
dard acceleration voltages ranging from 80 keV to 300 keV. The electrons are accelerated and
focused on the specimen. To be able to transmit through the specimen, the aforementioned
thin sample prepared by FIB treatment is needed. The electron beam interacts with the speci-
men and generates an image that can be visualized by several means like a fluorescent screen,
a layer of photographic film or a CCD sensor featuring a scintillator. The basic layout of a TEM
is shown in Fig. 3.29.
Mainly, there are two modes of operation: The bright and the dark field mode. Bright field imag-
ing is the most common mode and in this case the image is resulting from a two dimensional
projection of the sample along the optic axis. The contrast formation depends on occlusion
and absorption of electrons. In bright field mode, the beam passes through an objective aper-
ture after illuminating the sample. This objective aperture blocks electrons that are scattered at
the sample resulting in darker parts in the image, thus leading to an enhanced contrast. In ad-
dition, thicker regions or films consisting of materials with higher atomic number will appear
dark, while thinner or lighter films as well as the absence of objects in the beam path will lead
to a bright image. In contrast, in dark field imaging mode the position of the objective aper-
ture is shifted to detect selected reflections of scattered electrons. When interacting with the
sample, the electrons are subject to Bragg scattering. By moving the aperture, specific Bragg
reflections can be chosen. Hence, if the direct beam, that is not scattered, is not included, the
image will appear dark with the exception of the selected peak due to the electron diffraction
by the crystalline sample. In Fig. 3.30, a schematic drawing of the bright and dark field imaging
mode is displayed. In bright and dark field mode, the contrast formation results from partially
blocking the electron beam that has passed through the sample.
In addition, HRTEM measurements have been also performed in the present work and the cor-
responding contrast formation shall be briefly discussed. The image formation in HRTEM is
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Figure 3.28: Fabrication steps of a TEM lamella in the FIB/SEM system. (a) platinum deposition, (b)
cutting trenches, (c) after an undercut lift out of the lamella, (d) attaching of the lamella to the TEM
grid using Pt introduced by the gas injection system, (e) another view of the lamella fixed at a TEM
grid, (f ) further thinning of the lamella, (g) top view image of a partly thinned lamella and (h) STEM
test scan with the result that the STEM resolution is not sufficient to resolve the lattice planes. Images
kindly provided by R. Sittner.
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Figure 3.29: The picture demonstrates the general design of a basic TEM. The layout shows the ar-
rangement of the electron source, the condenser lenses as well as the objective aperture and the pro-
jector lenses.
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Figure 3.30: Schematic drawing of the TEM bright and dark field imaging mode.
due to phase shifts occurring when the electron waves of the incident beam hit the sample.
The different phases arising interact and the resulting interference of the electron wave with
itself in the image plane leads to the contrast of a HRTEM image. The interference thereby con-
tains the information on the sample structure and translates to an amplitude contrast that can
be detected. In general, the contrast can be challenging to interpret directly due to the influ-
ence of aberrations. The origins of those aberrations are the imaging lenses in the microscope.
In contrast to the aforementioned bright and dark field mode, a phase contrast image requires
the selection of more than one beam but in return the achieved resolution can be exploited to
determine the atomic structure.
Moreover, TEM measurements do not only allow for the direct observation of the sample but
also provide the option to record a diffraction pattern. The corresponding measuring tech-
nique is called Selected Area (Electron) Diffraction (SAD/SAED). For additional, extensive infor-
mation regarding TEM see [51].
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Heteroepitaxial growth of silver films on
zinc oxide seed layers
The following chapter summarizes the experimental results obtained for silver thin films on
zinc oxide seed layers during the present work. The chapter starts with a discussion of low-
temperature measurements conducted on thin silver films deposited on zinc oxide seed layers
in Sect. 4.1. These experiments were performed to confirm the quality and reproducibility of
thin silver films fabricated at the institute. Subsequently, TEM measurements of Ag/ZnO layer
stacks are presented in Sect. 4.2. The corresponding section outlines the analysis of the sil-
ver growth mode on ZnO by TEM and addresses the impact of an increasing ZnO out-of-plane
lattice constant c on the in-plane lattice constant a. At the end of this part, the previously
established correlation between an increasing out-of-plane lattice constant and a decreasing
in-plane lattice constant is verified by XRD measurements. The next subsection Sect. 4.2.2 dis-
cusses structural silver parameters governing the silver resistivity on zinc oxide. At this point,
the Williamson-Hall technique is introduced to evaluate the structural properties of thin silver
films. In this context, post deposition annealing processes are employed to improve the silver
structure and to analyze the consequences for the structural parameters gathered by applying
the Williamson-Hall method. In addition, a statistical analysis has been done to determine er-
rors for those structural parameters. This approach has been chosen to establish the reliability
of the technique in the case that only two silver reflections are accessible in XRD measure-
ments. Subsequently, the focus has been placed on evaluating possible properties of zinc oxide
that could influence the silver resistivity in Sect. 4.2.3. To this end, the impact of the AFM RMS
roughness of Ag and ZnO as well as the influence of the ZnO crystallinity and the changed ZnO
interplanar spacing on the electrical properties has been studied. The chapter ends with sec-
tion Sect. 4.3 in which the influence of dislocations on the formation of Laue fringes in silver
thin films is discussed.
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Table 4.1: Different metals and their respective Debye temperatures, prefactors A and values for the
electron-phonon coupling constant [35]. A dash indicates that the data is not available.
Metal Prefactor A
[µΩcm]
Debye temperature ΘD
[K]
Coupling constant
λtr [a.u.]
Lithium Li 26.68 363 1.258
Sodium Na 15.20 160 −
Potassium K 11.75 100 0.540
Rubidium Rb 7.26 68 −
Caesium Cs 5.46 54 −
Copper Cu 4.04 335 −
Silver Ag 3.54 210 0.340
Gold Au 2.46 165 0.302
4.1 Low-temperature resistance measurements of thin silver
films
At first low-temperature measurements of the Ag/ZnO layer stack are discussed to establish
further arguments why silver is the ideal candidate for low-E coatings as well as to confirm
the quality and reproducibility of the thin silver films sputtered in the course of the present
work. The previously shown comparison of different metal resistivities in Tab. 2.2 illustrates
that silver is the ideal candidate and the same conclusion can be drawn from the parameters
listed in Tab. 4.1. These parameters describe the contribution to resistivity according to the
Bloch-Grüneisen formula [32]
ρ(T )= ρ0+ A ·
(
T
ΘD
)5 ∫ ΘD /T
0
y5
(e y −1) · (1−e−y ) d y . (4.1)
with the prefactor A = 2pi²0 λtr
ωD
ω2P
, the Debye temperature ΘD , the electron-phonon coupling
constant λtr , the Debye frequency ωD and the plasma frequency ωP . In this case, especially
the prefactor A of the Bloch-Grüneisen formula presented in Eq. 4.1 and the electron-phonon
coupling constantλtr are relevant. The lower those values the smaller is the contribution of the
temperature dependent electron-phonon scattering to the sheet resistance of the correspond-
ing metal thin film. Tab. 2.2 and Tab. 4.1 compare different metals and document the superior
properties of silver. As an additional parameter describing the superior electrical properties
of silver, the order of magnitude for the mean free path is presented at this point. The corre-
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sponding value is 44 nm according to theoretical calculations based on literature values of the
mobility and the carrier concentration. The corresponding equation is [32]
λ= vF m
∗µ
e
= ~
e
µ
(
3pi2n
)1/3
(4.2)
with the effective mass m∗ =me , the electron mass me , the Fermi velocity vF =
√
2EF
m∗ = 1.39 ·
106 ms−1 and the Fermi energy EF = ~22m∗
(
3pi2n
)2/3
as well as the mobility µ = 56 cm2 V−1 s−1
and the carrier concentration n = 5.86 ·1022 cm−3 of bulk silver [19]. The calculated, theoretical
mean free path of 44 nm for bulk silver can be compared to the results of room temperature
Hall measurements performed on sputtered thin silver films which are typically 12 nm thick.
The average mean free path of those samples as-deposited is 21 nm. As a consequence of the
analysis, the observed difference between the calculated value and the experimental data is as-
cribed to the lower mobility µ found in thin films. The quality of the sputtered silver thin films
can be characterized with the help of temperature dependent resistance measurements in the
PhysicalPropertyMeasurement System (PPMS) available in the institute. To determine the tem-
perature dependence of the resistivity, measurements are performed between 4 K and roughly
270 K as shown in Fig. 4.1. For the experiment, a standard layer stack consisting of a 50 nm thick
ZnO seed layer and a 10 nm Ag thin film was sputtered. The graph in Fig. 4.1 displays the results
of the fit according to Eq. 4.1 and confirms that the temperature dependence of the resistivity
for the sputtered silver films behave as predicted by the Bloch-Grüneisen formula (continuous
red line), which agrees well with the experimental data (black data points). Furthermore, the
graph contains the fit parameters obtained. It also becomes clear that the resistance depends
linearly on the temperature at elevated temperatures above the Debye temperature ΘD . The
parameters used to fit the temperature dependence of the resistivity compare well to literature
values. For example, the Debye temperature is determined to be 189 K, in good agreement with
the literature value of 210 K. A deviation of around 10 % can be expected for experimentally
derived values [130]. For the value A, the fit yields 3.99µΩcm, again in good agreement with
the literature value of 3.54µΩcm.
The illustration in Fig. 4.1 is important, since it describes the contribution of the phonons to
the overall silver sheet resistance. Phonon scattering contributes 1.5µΩcm to the total resis-
tivity at room temperature. This phonon contribution cannot be decreased without reducing
the ambient temperature of the Ag films; which is impossible in silver film applications such
as architectural glazing. It can be seen that approximately one third of the resistivity at room
temperature is due to phonons and this part cannot be further decreased. Hence, it is nec-
essary to reduce the temperature independent contribution to the resistance (ρ0). This term
ρ0 describes the contribution of defects to the overall resistance. From a comparison of the
data and the phonon contribution, it can be seen that defects are responsible for more than
77
Chapter 4: Heteroepitaxial growth of silver films on zinc oxide seed layers
0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 02 . 6
2 . 8
3 . 0
3 . 2
3 . 4
3 . 6
3 . 8
4 . 0
4 . 2
4 . 4
 
 
 L o w - t e m p e r a t u r e  d a t a B l o c h - G r ü n e i s e n  f i t
Res
istiv
ity [
µΩ
cm]
T e m p e r a t u r e  [ K ]
F i t  p a r a m e t e r s :A = 3 . 9 9
ρ 0 = 2 . 7 6  µΩ c mQ D = 1 8 9  K
P h o n o n  c o n t r i b u t i o n1 . 5  µΩ c m
R T
Figure 4.1: Low-temperature resistance measurement of a Ag/ZnO layer stack. Plotted is the silver
resistivity versus the temperature. The performed fit is based on the Bloch-Grüneisen formula Eq. 4.1
and the obtained fit parameters are listed in the figure. In addition the phonon contribution to the
resistivity is illustrated. Roughly one third of the total resistance is due to electron-phonon scattering
and cannot be reduced. The value of 1.5µΩcm is in good agreement with available literature data
[23], [131].
60 % of the room temperature resistance. This immediately raises the question, which defects
are responsible for this pronounced contribution. At the same time, it also becomes clear that
there is considerable room for improvement of the Ag film resistivity if defect-free Ag films can
be produced. This argument is consistent with literature data of around 0.1µΩcm, which is
observed for bulk silver below 5 K. Considering this bulk silver value, it is evident that nearly
defect-free bulk silver can be obtained. For thin films of 170 nm values below 0.2µΩcm are
reported depending on the fabrication process and the substrate [24]. The increased defect
contribution ρ0 can be also directly observed for sputtered thin films of various thicknesses in
Fig. 4.2. For thicker films, the resistivity converges towards the bulk value.
Hence, a strategy has been devised how to identify the defects in the Ag films as well as to re-
duce their density. Based on the discussion of the lattice mismatch between silver and zinc
oxide presented in Sect. 2.1, it is expected that dislocations significantly contribute to the re-
sistivity. The chosen approach to determine the impact of the lattice mismatch and the atomic
arrangement will be described in detail in Sect. 4.2.
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Figure 4.2: Dependence of the resistivity of Ag films sputtered on ZnO on the Ag film thickness.
It is apparent that the defect contribution ρ0 increases for a decreasing film thickness whereas the
resistivity for thicker films converges towards the bulk value. To further highlight the mentioned
trend, the phonon contribution determined previously in Fig. 4.1 is marked in the graph. Data are
measured at room temperature.
4.2 Growth mode and parameter correlations of Ag/ZnO
systems
The subsequent section deals with the heteroepitaxial growth of thin silver films on zinc oxide
seed layers. Originally, this approach is motivated by the data shown in Figure 6.38 on page
146 in the dissertation of D. Köhl [42]. From the corresponding graph, it becomes immedi-
ately clear that the fabrication of strained ZnO is far more beneficial for the Ag resistance than
the improvement of the ZnO texture. The observed strain is typically for zinc oxide films fabri-
cated in MYTHIC due to an intense oxygen bombardment with negatively charged oxygen ions.
This bombardment is equivalent to an external stress affecting the film growth and leading to
strongly strained specimens. Since the whole film is exposed to the oxygen ion bombardment,
the resulting strain is a macrostrain. Such a strain can be visualized with the help of XRD scans
in which the peaks belonging to the strained material are shifted in respect to the powder pat-
tern. Another example for such a strongly strained ZnO seed layer used for subsequent silver
deposition is shown directly at the beginning of the next section Sect. 4.2.1 in figure Fig. 4.4. In
addition to the analyses conducted in the previously mentioned thesis, a more detailed inves-
tigation of the origins of this relationship between ZnO structure and electrical properties of
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Ag is performed in the framework of the present thesis. Therefore, the atomic arrangement of
silver on zinc oxide is analyzed at first. Subsequently, parameter correlations that could trigger
the observed resistivity improvement are highlighted and evaluated. Considering the review of
the corresponding lattice mismatch given in Sect. 2.1, a correlation between Ag resistance and
ZnO in-plane lattice constant is predicted. Based on this hypothesis, defects and especially the
resulting dislocations are having a huge impact on the electrical properties of silver thin films.
The origins of the proposed hypothesis are briefly summarized in Fig. 4.3.
4.2.1 Silver growth on zinc oxide analyzed by TEM
In order to analyze the growth of silver thin films on zinc oxide and to resolve the corresponding
atomic arrangement, TEM measurements on a layer stack consisting of ZnS:SiO2, Ag and ZnO
on a highly conductive silicon substrate were performed. The highly conductive, untreated sil-
icon substrate features a native SiO2 surface layer and is crucial for the subsequent analysis to
avoid charging of the layer stack during preparation. An overview of the layer stack including
the ZnS:SiO2 capping, the functional silver thin film, the ZnO seed layer and the native SiO2
layer on top of the conductive silicon substrate is displayed in Fig. 4.5. For the specimen an-
alyzed, a standard ZnO seed layer has been prepared in MYTHIC. As is known from [42] and
[38], these ZnO layers are strongly strained due to the intrinsic bombardment with negatively
charged oxygen ions originating from the reactive sputter process. Comparable layer stacks in-
cluding strained ZnO seed layers are discussed in detail in Sect. 4.2.3 and the related XRD data
proving the strained growth are shown. For the present specimen evaluated by TEM, the XRD
scan is given in Fig. 4.4.
From Fig. 4.5 the thickness of the single layers can be determined and it is confirmed that the
thicknesses for the Ag and ZnO films are in good agreement with the values aimed for. Those
were 10 nm of Ag and 50 nm of ZnO. Additionally, Fig. 4.5 (a) illustrates the upper end of the
thinned part of the lamella and the transition to the surrounding vacuum.
The high resolution images in Fig. 4.6 offer a closer look at the Ag/ZnO interface and the silver
thin film. The scan in Fig. 4.6 (a) enables the resolution of atom columns of silver and zinc oxide
and demonstrates the ordered atomic arrangement at the interface. Furthermore, a very highly
ordered region of nearly single crystalline quality can be resolved (compare blue marked area),
whereas the area within the red square reveals the existence of defects like twins or stacking
faults. In addition Fast Fourier Transformations (FFT) of the HRTEM scan were used to de-
termine the ratio of the in-plane lattice constants of Ag and ZnO. The results of the FFT for
different areas are also given in Fig. 4.6. In total, there were four different regions analyzed with
the help of a FFT. The FFT was performed on a highly ordered silver region (b), a region featur-
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Figure 4.3: Visualization of the hypothesis for improving thin silver films highlighting the relation-
ship between the oxygen ion bombardment during ZnO deposition, the resulting macrostrain and
the consequences for XRD measurements. Accordingly, a better Ag/ZnO lattice match is expected
and thus a reduced Ag resistivity is proposed. (a) demonstrates the case of a weak bombardment with
negatively charged oxygen ions, whereas (b) displays the case of an intense bombardment.
ing defects like stacking faults or twins (c), the Ag/ZnO interface (d) and an highly ordered ZnO
area (e).
This approach also helps in explaining the coherency and the growth of Ag on ZnO. As was de-
scribed in Sect. 2.1, it is known from literature that the silver lattice can have different arrange-
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Figure 4.4: θ-2θ scan of the specimen chosen for TEM evaluation. The strongly strained ZnO seed
layer can be clearly seen. The gray vertical lines are representing the literature peak positions of the
XRD reflexes belonging to ZnO (002) and Ag (111).
ments on the ZnO seed layer [42], [132]. One of those arrangements differs by a 30° rotation
of Ag on ZnO. This rotation leads to a pronounced decrease of the lattice mismatch between
both layers. The corresponding misfit is only 2.6 %. Consequently, it should be possible to
distinguish between the arrangements by determining the zone axis via a Fast Fourier Trans-
formation of the HRTEM image or alternatively TEM diffraction measurements. The zone axis
thereby represents the direction of the incident beam [51]. In an analysis of the HRTEM sample
previously shown, the zone axes are determined by indexing the Ag and ZnO FFT pattern (see
Fig. 4.7). At this point, the procedure for indexing the silver fcc lattice is shortly summarized
[133]. Initially, two diffraction spots are chosen and the related distances from the center spot
as well as the enclosed angle between those two diffraction spots are measured. Afterwards, the
ratio of those distances is calculated and compared to a list of dhkl ratios belonging to diffrac-
tion planes allowed according to the structure factor rule. If there is a pair of diffraction planes
found that shows a good agreement between the measured and the calculated ratio, the mea-
sured angle is matched with the theoretical angle between the chosen pair of planes. Eventu-
ally, the selection is confirmed by matching angles. With this information, the remaining spots
can be indexed and the direction of the zone axis is given by the vector product of the vector
pair. As a result, the following zone axes for silver and zinc oxide are obtained: ~zAg = [011] and
~zZnO = [210]. This finding is in agreement with literature [134].
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Figure 4.5: Two TEM overview images of the layer stack. (a) displays the whole layer stack and the
thicknesses of the Ag, ZnO and SiO2 films. The ZnS:SiO2 capping and the conducting silicon substrate
that is necessary for the FIB preparation are also visible. (b) shows a higher magnification of the thin
Ag film. It was planned to deposit 10 nm of Ag. The scans were performed with an FEI Tecnai F20 at
the GFE in Aachen.
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(a) (b)
(d)
(c)
(e)
Figure 4.6: High resolution TEM images of the silver thin film and the interface region of the ZnO
and Ag layers. With these high quality images, the atom columns of the ZnO and even of the Ag can
be resolved. (a) provides an overview of the scanned ZnO and Ag areas. The scan enables the visu-
alization of highly ordered, single crystalline areas (blue square) as well as the resolution of defects
(red square) in the silver film. In addition, each graph ((b), (c), (d) and (e)) shows a FFT image of the
unique areas marked by color-coding. Namely, those areas highlighted are highly structured regions
of Ag (blue) and ZnO (orange) as well as the interface (green) and a silver region which exhibits defects
like stacking faults or twins (red).
From XRD θ-2θ measurements, it is known that the growth plane is (111) for Ag and (002) for
ZnO. Based on these findings, the Ag orientation with respect to the ZnO lattice can be iden-
tified. The relationship obtained by evaluating the zone axes and the texture of both layers is
shown in Fig. 4.8. As can be seen from the highlighted hexagonal arrangement of both lattices,
the analysis illustrates that the Ag film grows incoherently featuring (9x8) growth since no rota-
tion of Ag on ZnO, indicating (2x
p
3)R30 growth, is detected. Nevertheless, the weak diffraction
spots from FFT (compare Fig. 4.6 and Fig. 4.7) make it challenging to answer the question re-
garding the growth mode of thin silver films on zinc oxide seed layers. Therefore, the respective
analysis is directly connected with exploring the limits of the FFT analysis of HRTEM images
and an investigation of the applicability of the method to analyze thin films. Alternatively, the
samples could be measured by SAED to provide further information on the growth mode if such
an analysis technique is available. However, in this case the determination of reliable results
would be ambitious due to the fact that for high quality SAED measurements thick layers are
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Figure 4.7: Indexing of the Ag Fig. 4.7(a) and ZnO Fig. 4.7(b) FFT pattern. Subsequently, the index-
ing for an fcc metal like silver is shortly summarized. Therefore, the distances and the angles between
two diffraction spots are measured as is indicated by the drawn arrows. Afterwards the ratio of those
distances is calculated and compared to a list of dhkl ratios belonging to diffraction planes allowed
according to the structure factor rule. If there is a pair of diffraction planes found that shows a good
agreement between the measured and the calculated ratio, the measured angle is matched with the
theoretical angle between the chosen pair of planes. Eventually, the selection is confirmed by match-
ing angles. With this information the remaining spots can be indexed and the direction of the zone
axis is given by the vector product of the vector pair. In the case at hand the zone axes of Ag and ZnO
are~zAg = [011] and~zZnO = [210], respectively.
required in general.
To further validate the atomic arrangement found, the FFT images are used to determine the
lattice parameters of ZnO. The goal is to verify the elastic behavior of the ZnO seed layer. If
the atomic arrangement is known and the elastic behavior can be confirmed, these results en-
able the analysis of the relationship between the lattice mismatch and the silver resistivity. To
evaluate the lattice parameters, the Bragg equation for small angles, which is given by
r ·dhkl = L ·λ (4.3)
where r is the distance between the observed spot and the zone axis,λ is the de Broglie electron
wavelength and L is the camera length in the TEM, is used. Besides, the following relations are
valid 2Θ = r /L and L ·λ which is constant and is named camera constant. Using the lattice
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Ag[0-11]/
ZnO[2-10]
Ag[111]/
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ZnO[-1-20]
Ag (111) & ZnO (002) atoms
Figure 4.8: The sketch displays the alignment of Ag and ZnO lattices as resolved by HRTEM imaging
and FFT analysis. The Ag and ZnO reference atoms stacked on top of each other are marked by a
black circle and the two directions identified for the crystalline Ag and ZnO films are labeled in red.
It should be noted that the given in-plane directions depict the actual orientation of the sketched
lattices. Based on the zone axes and the growth direction, it is concluded that (9x8) growth is present
in the Ag/ZnO layer stack. Nevertheless, lateral shifts are still possible.
spacings for silver d Aghkl and zinc oxide d
ZnO
hkl
1
d Aghkl
=
p
h2+k2+ l 2
a
(4.4)
1
d ZnOhkl
=
√
4
3a2
(
h2+k2+h2k2)+ l 2
c2
, (4.5)
one can derive the equations
aZnO
aAg
=
r Ag(200)p
3 · r ZnO(010)
(4.6)
and
cZnO
aAg
=
r Ag(200)
r ZnO(002)
. (4.7)
Measuring the distances of the Ag (200), ZnO (010) and ZnO (002) spots in the FFT diffraction
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images presented in Fig. 4.7 yields r Ag(200) = 4.88 nm−1, r ZnO(010) = 3.67 nm−1 and r ZnO(002) = 3.81 nm−1.
Putting those values in Eq. 4.6 results in the following quantity aZnO/aAg = 0.768 compared
to a literature value of aZnO/aAg = 3.25/4.086 = 0.795. Hence, the lattice mismatch f can be
calculated with Eq. 2.6 and is −8.6 %. Furthermore, if an unchanged silver lattice constant is
assumed, the calculation of aZnO is possible and results in aZnO = 3.14 Å which is lower than
the literature value of aZnO = 3.25 Å. Correspondingly, an analysis of Eq. 4.7 can be performed
leading to an out-of-plane lattice constant cZnO = 5.23 Å showing an increase compared to the
literature value of cZnO = 5.21 Å. Nevertheless, this c-axis value is notable smaller than the cor-
responding out-of-plane lattice constant determined by evaluating the XRD scan in Fig. 4.4.
In this case, the observed 2Θ peak position of 33.45 ° corresponds to an interplanar spacing
d002 = 2.68 Å and an out-of-plane lattice constant c = 5.35 Å, respectively. In fact, these results
are more in line with the expectations for c based on the obtained in-plane value a and its
deviation from the literature data. In order to validate this statement the corresponding Pois-
son’s ratio ν is calculated. For zinc oxide, the following equation Eq. 4.8 is valid in the case of
isotropic biaxial stress [135]
− 2ν
1−ν =
(c− ce )/ce
(a−ae )/ae
. (4.8)
Solving the equation to ν and using c = 5.35 Å and a = 3.14 Å as well as the literature lattice
constants ce and ae results in a Poisson’s ratio of ν= 0.28 which is in good agreement with the
theoretical Poisson’s ratio of 0.36 introduced in Tab. 2.3 and further literature data [136]. Conse-
quently, the difference between the observed XRD and TEM out-of-plane lattice constants is as-
cribed to the differing mode of operation of both measurement techniques; meaning, whereas
TEM allows the determination of c based on a FFT analysis of one or only a few grains, the XRD
measurement results in an averaged value taking into account the whole layer. Nonetheless,
these results confirm the previously proposed hypothesis that an increased interplanar spac-
ing dhkl leads to a decrease of the in-plane lattice parameter a. In conclusion, the identification
of the in-plane lattice parameter ratio as well as the in-plane lattice constant of the ZnO seed
layer used has been performed. As a consequence thereof, the order of magnitude of the lattice
mismatch determined by the conducted growth analysis has validated a pronounced trend for
the (1x1) growth mode of silver on zinc oxide. However, due to the fact that the mismatch is not
completely compensated, the actual orientation of the silver film on the zinc oxide seed layer
resembles a growth mode in between (1x1) and (9x8).
At the end of this section, the behavior of the ZnO lattice constants is confirmed by additional
XRD measurements, now also considering the in-plane constant. Therefore, a standard ZnO
seed layer was deposited on a silicon wafer due to its superior flatness and smoothness com-
pared to a glass substrate. As a consequence, the relation of the lattice constants is more pro-
nounced and easier to observe. The silicon wafer used is highly resistive and has a native SiO2
layer on top. To verify the discussed changes of the lattice constants, initially a θ-2θ scan is
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Figure 4.9: θ-2θ scan of an ordinary, strained ZnO seed layer. The layer was deposited on a silicon
substrate due to its superior flatness and smoothness. Consequently, the shifting lattice constants
can be resolved better. The measurement is conducted to calcuate the interplanar spacing d002 and
the lattice constant c from the peak position.
performed showing the strained ZnO (002) reflection (see Fig. 4.9). Then, this peak can be used
to calculate the related interplanar spacing d002 = 2.65 Å and the out-of-plane lattice constant
c = 5.29 Å, respectively, as has been previously demonstrated on the sample analyzed by TEM.
Next, a series ofθ-2θ scans with varyingΨ angles was conducted. In this case, the 2θ scan range
was adjusted to resolve the ZnO (101) reflection in the point focus and the Ψ angle was varied
in steps of 0.5 ° between 59 ° and 65 °. Here, the ZnO (101) plane has been chosen because it has
an in-plane component as well as the highest peak intensity according to the powder pattern.
Hence, a reasonably high diffracted intensity is expected for the corresponding reflection. The
resulting map is shown in Fig. 4.10.
The ZnO (101) reflection is visible at 2Θ= 36.17 ° and Ψ= 62.21 ° in Fig. 4.10, thus the interpla-
nar spacing is d101 = 2.48 Å. The shift of the ZnO (101) peak to 2Θ values below the literature
position of 2Θ= 36.24 ° becomes immediately apparent when plotting the 2Θ data of the sam-
ple tilted to Ψ angles of 62 ° (Fig. 4.11(a)) and 62.5 ° (Fig. 4.11(b)). The corresponding XRD data
is shown in Fig. 4.11 and clearly demonstrates the 2Θ peak shift.
Using Eq. 4.5 and the previously determined lattice constant c = 5.29 Å as well as the interplanar
spacing d101 = 2.48 Å, the equation can be rearranged and thus it is possible to calculate the
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Figure 4.10: Visualization of a series of θ-2θ scans on a strained ZnO layer tilted to varyingΨ angles.
The corresponding θ-2θ and Ψ scan ranges were chosen to resolve the ZnO (101) reflection that is
marked in the figure.
in-plane lattice constant a. The resulting value is a = 3.24 Å. Comparing the values obtained
for the in-plane and the out-of-plane lattice constants with the literature data again confirms
the previously observed elastic (rubber band-like) behavior. Furthermore, a consistent picture
for differently strained ZnO layers emerges. The strongly strained film analyzed in TEM has a
smaller in-plane and larger out-of-plane lattice constant compared to the lesser strained layer
evaluated by XRD. In summary, the TEM results regarding the lattice constant changes have
been successfully validated by means of XRD techniques and additional evidence has been
gathered further establishing the validity of the rubber band behavior. At the end of the section,
it is gratefully acknowledged that the XRD evaluation presented has been developed in close
cooperation with Roland Sittner.
4.2.2 Linking structural and electrical silver properties
The focus on the structural properties is kept throughout the present section and the section
thereafter. In both parts, parameters are reviewed that influence the Ag resistivity. In order to
identify potential options to improve the electrical properties, correlations between the resis-
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Figure 4.11: Visualization of the ZnO (101) peak shift. As can be seen in Fig. 4.10, the ZnO (101) peak
was found at a 2Θ angle of 36.17 ° for a sample tilted to Ψ= 62.21 °. Consequently, the measurements
taken under angles Ψ of 62 ° (Fig. 4.11(a)) and 62.5 ° (Fig. 4.11(b)) are displayed in the figure. Both
scans demonstrate the shift of the ZnO (101) reflection towards lower 2Θ angles. To this end, the lit-
erature position is marked by the gray line and in addition the corresponding 2Θ angle is given. In
general the error bars obtained when fitting XRD reflections are≤±0.02 °.
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tivity and different physical quantities linked to either the Ag or the ZnO layer are evaluated.
The present section starts with an investigation of the Ag structure by XRD measurements.
One method to examine potential correlations is the Williamson-Hall technique introduced
in Sect. 3.2.1.2. In the course of this section, both methods, the 2θ Williamson-Hall for the
Bragg-Brentano data as well as theωWilliamson-Hall analysis for the evaluation of the rocking
curves, are used to analyze the silver films. As a result, the following parameters are obtained:
The vertical and lateral coherence length D and L, respectively as well as the microstrain∆² and
the tiltα. The parameter∆² is of particular interest because its value can be regarded as a mea-
sure for the dislocation density inside the silver film as discussed in Sect. 2.1 and Sect. 3.2.1.2.
In contrast to the layer stacks fabricated for TEM measurements and discussed so far, the ma-
jority of the Ag/ZnO systems consecutively presented are featuring a ZnO:Al capping. The en-
capsulation itself is necessary to prevent the dewetting of the thin silver layer. Because the
dewetting starts directly after deposition, measurements that are more time-consuming are
rendered feasible by using an encapsulation in the first place. Especially, extensive heat treat-
ments shall be enabled by the application of those capping layers. The need for annealing pro-
cesses arises from the desire to tailor the structural and electrical properties of silver. Typically,
the silver resistance can be improved by roughly 10 % when heating samples up to 230 ◦C (com-
pare Fig. 4.16). The change of the capping material from the previously introduced ZnS:SiO2 to
ZnO:Al has been also triggered by the annealing of the Ag/ZnO system. These experiments im-
mediately show that the electrical film properties of the incorporated Ag layer are deteriorating
above 225 ◦C when heating samples capped with a ZnS:SiO2 encapsulation. This is presumable
due to a degradation of the ZnS:SiO2 layer at elevated temperatures. Thus, only heating up
to 200 ◦C is possible with this capping. Therefore, replacing the top layer has been proposed
and quite the opposite annealing behavior is observed when heating layer stacks capped with
ZnO:Al. Those systems are not only temperature stable up to 230 ◦C but even up to 500 ◦C.
Hence, if there is no need to analyze the structure of the ZnO seed layer in detail, in such cir-
cumstances a ZnO:Al capping is utilized to prevent the dewetting of the Ag thin film. Accord-
ingly, only the ZnO:Al encapsulation leads to an improved silver sheet resistance when carry-
ing out a high temperature annealing treatment. However, for both encapsulations a superior
structural quality is found for the analyzed silver thin films after the conducted heat treatments
which manifests itself in much sharper peaks in the Bragg-Brentano and rocking curve scans.
For tempered silver layers even a peak splitting due to the CuKα1/2 lines can be observed.
Next, the Williamson-Hall concept is validated by evaluating a thicker than usual silver thin
film of≈91 nm that features a pronounced Ag (333) reflection. First, a θ-2θ overview scan of the
layer stack utilized for the evaluation is presented in Fig. 4.12. The graph displays a section of
the θ-2θ XRD pattern covering an angular range from 32° to 40°. Hence, the Ag (111) reflection
can be seen in the graph. In addition, it highlights the strained (002) reflection of the ZnO seed
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Figure 4.12: θ-2θ scan of a layer stack containing a thick Ag film to validate the Williamson-Hall con-
cept. The strained ZnO seed layer is marked by the dashed gray line. The shoulder on the right side of
the ZnO (002) peak is due to the ZnO:Al capping layer utilized. The gray vertical lines are representing
the literature peak positions of the XRD reflexes belonging to ZnO (002) and Ag (111).
layer which is marked by a dashed gray line as well as a peak shoulder belonging to the (002)
ZnO:Al encapsulation layer.
A compilation of the Bragg-Brentano and rocking curve scans conducted on the Ag (111), (222)
and (333) reflections is shown in Fig. 4.13, whereas the red curves represent the pseudo-Voigt
fits performed. For the data displayed in Fig. 4.13(e), the contribution due to the CuKα2 has
been subtracted before performing the fit to enhance the fit quality. In this particular case,
this effort needs to be undertaken due to the extremely broad intensity distribution. For all the
other measurements, the impact of the CuKα1/2 on the peak broadening has been calculated
and taken into account after performing the fits.
Fig. 4.14(a) and Fig. 4.14(b) show the 2θ and ω Williamson-Hall plots, respectively. The re-
sulting parameters and the related errors determined are stated in the figures. Comparing the
obtained vertical coherence length D and the approximated film thickness d , a small deviation
is observed. Therefore, the Williamson-Hall evaluation slightly overestimates the silver film
thickness. However, it can be concluded from the still satisfying agreement that the entire sam-
ple volume diffracts the impinging x-ray beam coherently in vertical direction. Nonetheless,
both plots clarify the fundamental applicability of the technique and highlight the resulting
benefits for exploring correlations between different parameters.
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Figure 4.13: Compilation of the conducted Bragg-Brentano Fig. 4.13(a), Fig. 4.13(c), Fig. 4.13(e) and
rocking curve Fig. 4.13(b), Fig. 4.13(d), Fig. 4.13(f ) scans including the pseudo-Voigt fits performed.
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Figure 4.14: 2θ andωWilliamson-Hall analyses of a≈91 nm thick, capped Ag layer on a ZnO coated
glass substrate. The results for the vertical coherence length D and the microstrain ∆² including the
calculated errors are given in Fig. 4.14(a), whereas the results for the lateral coherence length L and
the tiltα including the calculated errors are given in Fig. 4.14(b).
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Due to the fact that the Ag (333) reflection is very weak in the case of thin silver films, a statistical
analysis of the structural parameters obtained by conducting the Williamson-Hall method has
been performed for samples showing only the (111) and (222) peaks. In general, Williamson-
Hall analyses performed on two peaks are not uncommon and can also be found in the lit-
erature [137]. After the validation of the Williamson-Hall concept by means of a thick silver
film, the statistical evaluation is necessary to ensure that the future implementation of the
Williamson-Hall technique is reliable in those cases where only two peaks can be resolved.
Hence, the repeated execution of XRD measurements aims at providing better statistics when
applying the Williamson-Hall technique. This approach might ultimately be leading to the in-
troduction of error bars based on the evaluation of statistics resulting from a significant num-
ber of measured samples. Thus, conclusions drawn for future Williamson-Hall evaluations can
rely on this extensive data base of θ-2θ andω scans. Eventually, two different approaches have
been chosen for the study. First, the impact of the XRD measurement on the physical quantities
obtained by a Williamson-Hall plot is checked. Therefore, one sample is measured and evalu-
ated several times. In this case, the Williamson-Hall method is conducted for the mean values
as well as the minimal and maximal deviations calculated from the averaging of the XRD mea-
surement parameters. The concept to minimize or maximize the slope is illustrated in Fig. 4.15.
In addition, the statistical errors for microstrain and vertical coherence length have been calcu-
lated by performing the Williamson-Hall analysis for each measurement consisting of two data
points at first and subsequently average the resulting parameters. The findings are summarized
in Tab. 4.2. Both methods applied to determine the uncertainty due to the XRD measurements
and its impact on the Williamson-Hall technique result in parameters that are in good agree-
ment. At the same time, the identification of similar errors has been expected and originates
from the Gaussian nature of the statistical deviations. Consequently, the errors obtained are
reasonable and significantly smaller than the physical quantities. In the second approach, the
influence of the sample reproducibility is determined. Therefore, several identical specimens
are fabricated and analyzed by the Williamson-Hall method. The investigation has been re-
alized for as-deposited samples as well as post deposition annealed layer stacks, whereas the
heated specimens have been annealed at 230 ◦C for 600 s. The analysis is also conducted for
annealed samples because an additional post deposition heat treatment can significantly al-
ter the structural and electrical properties. Hence, the impact of sample reproducibility on the
structural properties of samples modified by an annealing process needs to be known. A typical
heating process for one exemplary specimen is shown in Fig. 4.16.
After the heat treatment, the sheet resistance of the silver film is lower than before. For the
sample discussed in Fig. 4.16, it decreases from 3.10Ω to 2.85Ω. Resistance improvements of
this magnitude are observed for all films analyzed during this investigation. The mean values
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Figure 4.15: Scheme describing the determination of a statistical error reflecting the impact of XRD
reproducibility on the Williamson-Hall technique. In the present case, the Williamson-Hall plot is
conducted for the mean values that arise from the repeated measuring of one and the same sample.
In addition, the analysis is performed for the values that are calculated by adding or subtracting the
deviation obtained from the averaging of the XRD parameters. In doing so, the minimal and maximal
deviations for the Williamson-Hall parameters can be identified by performing the analysis for the
data points leading to the minimal and maximal slope. The resulting structural parameters as well as
the corresponding errors were then calculated from averaging those results including the parameters
originating from the aforementioned evaluation of the mean values.
and the corresponding errors resulting from averaging the obtained Williamson-Hall data for
five samples are presented in Tab. 4.3. Again, the results displayed in Tab. 4.2 and Tab. 4.3 are
in good agreement. In conclusion, it is apparent from the magnitude of the obtained errors
that the sample reproducibility has a stronger impact on the data obtained than the XRD re-
producibility. In addition, it is planned to use the generated statistics to estimate the quality
of future Williamson-Hall analyses in the cases where only two peaks are accessible. Further-
more, a pronounced difference before and after annealing can be observed for the lateral coher-
ence length. Hence, it is deduced that the previously shown reduction of the resistivity during
heating is due to an increased lateral grain size. This conclusion is in good agreement with
preliminary additional Hall measurements conducted on as-deposited and annealed speci-
mens. These measurements are used to determine the carrier concentration and the mobility
of the silver thin films. The results show that the heat treatment leads to an increased mobility,
whereas the carrier concentration keeps constant. Furthermore, these measurements enable
the determination of the mean free path according to Eq. 4.2. The corresponding room tem-
perature values of λ are approximately around 18 nm. Comparing the mean free path with
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Table 4.2: Influence of XRD reproducibility on the Williamson-Hall evaluation. Two different strate-
gies for the determination of a statistical error have been chosen. The first one is called deviation
method and is conducted by performing the Williamson-Hall method for the mean values as well as
the minimal and maximal slopes according to the schematic in Fig. 4.15. The second strategy re-
quires the execution of the Williamson-Hall analysis for each measurement at first and afterwards
the averaging of the resulting parameters. As can be seen, the parameters and more important the
corresponding errors are in good agreement. Hence, the errors can be utilized in future Williamson-
Hall analyses to estimate the reliability of the obtained parameters.
Parameter Deviation method Averaging
Vertical coherence length D [nm] 10.49±0.41 10.48±0.27
Microstrain ∆² (·10−3) 0.92±0.71 0.91±0.60
Lateral coherence length L [nm] 21.64±10.63 20.16±6.13
Tilt α [°] 4.71±0.20 4.71±0.14
Table 4.3: Influence of sample reproducibility on the Williamson-Hall evaluation. To determine the
corresponding statistical error, five identical samples have been analyzed as-deposited as well as after
a post deposition annealing process at 230 ◦C for 600 s. The resulting parameters are in good agree-
ment. A pronounced difference before and after annealing is only observed for the lateral coherence
length. It is deduced that the reduction of the resistivity during heating is due to an increased lateral
grain size.
Parameter As-deposited Post deposition annealed
Vertical coherence length D [nm] 13.38±1.08 14.90±1.44
Microstrain ∆² (·10−3) 5.51±1.14 4.96±1.38
Lateral coherence length L [nm] 27.20±13.50 53.32±6.27
Tilt α [°] 3.79±0.46 3.59±0.12
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Figure 4.16: Post deposition annealing of an exemplary ZnO:Al/Ag/ZnO layer stack annealed at
230 ◦C for 600 s. The data gathered during heating and cooling is marked by arrows. Due to the an-
nealing the sheet resistance is improved. The corresponding resistances before and after the heat
treatment are given in the plot.
the lateral coherence length and the silver grain size determined from planar TEM images (see
Fig. 4.17) underlines that within the errors the lateral grain size might indeed limit the electri-
cal transport for as-deposited films. For the annealed layer stacks, the mean free path increases
to roughly 25 nm. This means that the lateral coherence length after heating (53 nm) is signifi-
cantly larger than the mean free path and consequently the scattering of charge carriers at grain
boundaries should be considerably reduced. As a consequence, the improved electrical prop-
erties can be indeed linked to the increased lateral grain size which is equivalent to a smaller
amount of grain boundaries in the film and therefore has a positive influence on the mobil-
ity. One possible reason for the smaller number of grain boundaries might be the reduction of
small-angle grain boundaries. As was discussed in Sect. 2.1, a sufficiently large number of mis-
fit dislocations can pile up and result in small-angle grain boundaries. If the number of those
small-angle grain boundaries is lowered by heating, this could explain the observed resistivity
improvement. Nevertheless, a first correlation between the structural and electrical properties
of silver thin films is found using the Williamson-Hall technique. Unfortunately, no direct cor-
relation between the microstrain ∆², proposed as a measure of the dislocations forming due to
the macrostrain in the film, and the resistivity could be observed.
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4.2.3 Identification of ZnO parameters governing the Ag resistivity
Subsequently to the discussion of parameter correlations purely based on the Ag film, possible
links between physical quantities belonging to the ZnO and the Ag films are analyzed. Origi-
nally, this approach rests upon the data shown in Figure 6.38 on page 146 in the dissertation
of D. Köhl [42]. The graph visualizes that the fabrication of strained ZnO is far more beneficial
for the Ag resistance than the improvement of the ZnO texture. In combination with the review
of the corresponding lattice mismatch given in Sect. 2.1, a correlation between Ag resistance
and ZnO in-plane lattice constant is predicted. Consequently, strategies need to be devised
to prove this relationship. In order to confirm the assumed connection, possible other origins
for the observed trend are named, analyzed and excluded. The Ag lateral grain size, the ZnO
roughness and the structural properties of the ZnO layer can be such origins. The influence of
grain size on the Ag resistivity can be determined via planar TEM measurements sputtered on
special TEM windows used as substrates. Thus, silver films on strongly strained ZnO as well
as on a less strained specimen are compared in Fig. 4.17. The obtained grain sizes are identi-
cal within their error bars for both systems [138]. Hence, based on the planar TEM analysis,
the grain size is not the crucial parameter influencing the Ag resistivity of specimens deposited
onto differently strained ZnO seed layers. In addition, the measurements displayed in Fig. 4.17
confirm that only decisive changes of the lateral grain size, which lead to grain sizes signifi-
cantly larger than the mean free path, result in resistance improvements. As discussed before,
such pronounced changes of the grain size can be realized through post deposition annealing
processes and subsequently determined by conducting Williamson-Hall analyses.
In order to analyze the influence of the lattice mismatch, the fact is exploited that the struc-
tural analysis by θ-2θ XRD measurements shows that the standard ZnO seed layers sputtered
in MYTHIC are strongly strained. Consequently, the observed shift towards lower 2Θ values can
be linked with an increased interplanar spacing according to Eq. 3.10 as well as an increased
out-of-plane lattice constant. From the previously shown TEM and XRD measurements (see
Sect. 4.2.1), it can be concluded that the increased out-of-plane lattice constant c of the ZnO
layer is connected to a decreased in-plane lattice constant a as well as a better lattice match.
Thus, knowing those details the correlation between the Ag resistivity and differing seed layers
featuring variations of the ZnO interplanar spacing can be studied and interpreted. To achieve
different interplanar spacings, various sputter pressures have been applied during the ZnO de-
position [38]. A summary of the silver resistivities and the ZnO peak positions as a measure for
the resulting misfit is given in Tab. 4.4. In the present case, ≈20 nm thick silver layers are exam-
ined. The data shown in Tab. 4.4 has been analyzed more closely resulting in Fig. 4.18. This plot
highlights a distinct relation between the ZnO out-of-plane lattice spacing and the resistivity
for samples sputtered in the same deposition run. Due to the already detected link between
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Figure 4.17: Comparison of Ag grain sizes (c), (d) on strongly (a) and weakly (b) strained ZnO tem-
plates. The values are identical within their errors. Hence, the grain size is not the crucial parameter
influencing the Ag resistivity [138].
interplanar spacing and lattice mismatch, this graph proves the previously stated hypothesis
assuming a relationship between Ag/ZnO mismatch and Ag resistivity.
A similar approach has been chosen in a study performed by Kato and co-workers [139] and
also reveals a decreasing silver resistivity when increasing the d-spacing of the ZnO (002) planes.
To validate that the observed improvement of the silver resistivity is indeed due to the amount
of strain introduced into the ZnO layer, it is checked that the surface roughness of the ZnO
has no crucial effect on the electrical properties of the silver films. Therefore, Atomic Force
Microscopy (AFM) scans have been performed. The AFM employs a fine needle attached to
a cantilever to scan the sample surface enabling an atomic resolution. In this case, the AFM
has been used in tapping mode to provide an image of the ZnO surface. The so-called tapping
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Table 4.4: Compilation of Ag and ZnO parameters for the investigation of the impact of lattice mis-
match on the electrical properties of silver. The table contains the ZnO deposition pressure which
has been changed during the deposition to achieve variations of the ZnO peak position and in doing
so the related lattice spacing. Furthermore, the corresponding silver thicknesses and resistivities are
listed.
ZnO
deposition
pressure
ZnO (002)
peak
position
ZnO d002 Ag thickness
d
Ag
resistivity ρ
0.35 Pa 33.75° 2.653 Å 19.24 nm 3.29µΩcm
0.60 Pa 33.89° 2.642 Å 19.35 nm 3.33µΩcm
1.00 Pa 34.04° 2.631 Å 19.17 nm 3.55µΩcm
1.50 Pa 34.08° 2.628 Å 19.38 nm 3.51µΩcm
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Figure 4.18: Evaluation of the relationship between Ag resistivity and ZnO lattice spacing for var-
ious Ag/ZnO layer stacks. In the analysis, 20 nm thick silver films have been investigated that were
deposited on ZnO seed layers sputtered at differing total sputter pressures in the same sputter run. A
guide to the eye is included to highlight the correlation between the quantities. As can be seen, an in-
creasing lattice spacing results in a decreasing silver resistivity. Thus, confirming the hypothesis that
reducing the lattice mismatch is crucial for improving the electrical properties of thin silver films.
mode is applied because it is less likely to damage a surface. In that mode, the AFM can with-
draw the needle when scanning ridges. Hence, the chance for making accidental contact with
the surface is minimized. Subsequently, the obtained topographic map can be analyzed, thus
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Table 4.5: Compilation of ZnO parameters for the investigation of the impact of lattice mismatch
on the electrical properties of thinner silver films. The table contains the ZnO deposition pressure as
well as the oxygen flow used during deposition. Both parameters have been changed to achieve vari-
ations of the ZnO peak position and the ZnO lattice spacing, respectively. Hence, the peak position
and the lattice spacing are also listed in the table. In addition, the corresponding ZnO (002) FWHMs
are presented.
ZnO deposition
pressure
ZnO oxygen
flow
ZnO (002)
peak position
ZnO d002 ZnO (002)
FWHM
0.35 Pa 8.0 sccm 33.79° 2.650 Å 0.465°
0.35 Pa 8.5 sccm 33.70° 2.656 Å 0.507°
0.60 Pa 10.9 sccm 33.85° 2.645 Å 0.506°
0.60 Pa 11.4 sccm 33.80° 2.649 Å 0.512°
1.00 Pa 13.5 sccm 33.94° 2.638 Å 0.446°
1.00 Pa 14.0 sccm 33.90° 2.641 Å 0.456°
1.50 Pa 15.0 sccm 34.00° 2.634 Å 0.461°
1.50 Pa 15.5 sccm 33.97° 2.636 Å 0.484°
enabling the determination of a Root Mean Square (RMS) roughness.
The pictures Fig. 4.19(a), Fig. 4.19(b), Fig. 4.19(c) and Fig. 4.19(d) in Fig. 4.19 display the sur-
faces of the previously mentioned specimens sputtered at 0.35 Pa, 0.6 Pa, 1.0 Pa and 1.5 Pa, re-
spectively. The corresponding RMS values extracted by evaluating the AFM scans are 5.4 Å,
5.9 Å, 5.0 Å and 9.3 Å. Hence, no correlation can be established between the ZnO RMS rough-
ness and the Ag resistivity. This finding is confirmed by XRR measurements performed on the
aforementioned ZnO samples before the subsequent silver deposition. The related roughness
values determined by fitting the XRR data are 3.8 Å, 4.2 Å, 4.1 Å and 6.1 Å, respectively. Again, it
is found that the ZnO XRR roughness and the Ag resistivity are not correlated.
Subsequently, the analysis is repeated for thinner silver films with a nominal thickness of about
11.5 nm and in addition the relation between resistivity and mismatch is evaluated for an in-
creased number of data points. Variations of the interplanar spacing were achieved by chang-
ing the ZnO deposition pressure and the oxygen flow during ZnO deposition. A summary of
the ZnO sputter parameters and the resulting peak positions as well as the corresponding lat-
tice spacing and the FWHM is given in Tab. 4.5. Due to the results presented previously, it is
assumed that the ZnO AFM roughness is not correlated with the electrical properties of the sil-
ver. In addition, only data points showing no trends in the Ag AFM RMS roughness or the ZnO
crystallinity, based on an analysis of the ZnO peak area, are chosen for the present analysis. The
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Figure 4.19: Overview of the AFM scans performed on ZnO samples deposited at different sputter
pressures. The pictures Fig. 4.19(a), Fig. 4.19(b), Fig. 4.19(c) and Fig. 4.19(d) display the ZnO surfaces
of specimens sputtered at 0.35 Pa, 0.6 Pa, 1.0 Pa and 1.5 Pa, respectively. The corresponding RMS val-
ues are 5.4 Å, 5.9 Å, 5.0 Å and 9.3 Å. Hence, no correlation can be established between the RMS rough-
ness and the resistivity. Additional XRR measurements confirm those findings. The related roughness
values determined by XRR are 3.8 Å, 4.2 Å, 4.1 Å and 6.1 Å.
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corresponding data is shown in Fig. 4.20 and Fig. 4.21.
As a consequence, it can be deduced from the AFM scans that the improved silver resistivities
are not the result of an enhanced roughness of the two aforementioned interfaces. The next
graph addresses the impact of the ZnO crystallinity on the electrical properties of the silver thin
film. As a measure of the crystallinity, the ZnO peak area has been chosen. Hence, Fig. 4.21(a)
displays the peak areas for all samples deposited as well as the corresponding mean value and
the derived standard deviation. It can be noted that the overall variation of the peak area is be-
low ±25 %, even for specimens sputtered at different deposition pressures and various oxygen
flows. Fig. 4.21(b) shows a plot of the silver resistivity versus the zinc oxide peak area. No clear
trend can be observed. It is concluded that the improvement of the silver resistivity is not due
to any systematic improvement of the crystallinity of the ZnO seed layer below.
The impact of mismatch is presented in Fig. 4.22. As before, the silver resistivity is plotted
versus the zinc oxide interplanar spacing. The correlation between both physical quantities
is emphasized by the integrated trend line. The observed relation between a decreasing silver
resistivity and an increasing zinc oxide interplanar spacing is in line with the previously shown
results as well as additional experiments on thin silver films performed at the institute [140].
The previously stated influence of the sputter pressure on the ZnO (200) reflection is confirmed
for the samples in Fig. 4.23. Theθ-2θXRD measurements clearly demonstrate that the ZnO (200)
peak shifts towards the literature peak position with increasing sputter pressure.
Thus, both analyses of the thick and thin silver films on zinc oxide reveal that a reduction of
the lattice mismatch improves the electrical properties of thin silver films. The presumed ori-
gin of the decreased silver resistivity is the relationship between the lattice mismatch and the
formation of dislocations introduced in Sect. 2.1. Hence, improving the lattice match between
silver and strongly strained zinc oxide films results in a smaller dislocation density. But due to
the fact that the dislocations likely aggregate at the grain boundaries or might even form small-
angle grain boundaries, it has not been possible to resolve individual dislocations in the TEM
analysis previously shown (compare Sect. 4.2.1). Thus, no dislocation density could be derived
based on this analysis which has been conducted on a standard layer stack consisting of a thin
silver film and a strained ZnO seed layer. However, the observed stacking faults and twins might
arise from partial dislocations. In the literature [141], it has been revealed that the formation
of partial dislocations can be the predominant strain-relaxation mechanism in materials hav-
ing small stacking fault energies. As a consequence, the limited transport properties would be
the result of the emerging stacking faults and twins. Furthermore, distinguishing between the
grain boundary itself and the accumulated dislocations might be challenging. Nevertheless,
it is proposed that a reduction of the dislocation density leads either to a less detrimental in-
fluence of the grain boundaries on the electrical transport due to a reduced accumulation of
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Figure 4.20: Overview of the AFM scans performed on the Ag/ZnO layer stacks deposited at different
sputter pressures and oxygen flows. The pictures Fig. 4.20(a), Fig. 4.20(b), Fig. 4.20(c) and Fig. 4.20(d)
display one Ag surface of each pair of samples sputtered at 0.35 Pa, 0.6 Pa, 1.0 Pa and 1.5 Pa, respec-
tively. The corresponding RMS values are 6.0 Å, 8.5 Å, 7.7 Å and 7.5 Å. Hence, no correlation can be
established between the Ag RMS roughness and the Ag resistivity.
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Figure 4.21: Evaluation of the ZnO crystallinity based on the observed ZnO (002) peak area.
Fig. 4.21(a) displays the peak areas for all samples deposited. The calculated mean value and the
related standard deviation are given in the plot. It can be noted that the overall variation of the peak
area is below ±25 %, even for specimens sputtered at different deposition pressures and various oxy-
gen flows. Fig. 4.21(b) shows a plot of the silver resistivity versus the zinc oxide peak area. No clear
trend can be observed. It is concluded that the improvement of the silver resistivity is not due to any
systematic improvement of the crystallinity of the ZnO seed layer below.
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Figure 4.22: Evaluation of the relationship between Ag resistivity and ZnO lattice spacing for Ag/ZnO
layer stacks featuring a thinner silver film with a nominal thickness of about 11.5 nm. Data points
sputtered at differing ZnO deposition pressures as well as varied oxygen flows are incorporated.
Again, the lattice mismatch has been tailored by varying those two parameters during ZnO depo-
sition. As before, a guide to the eye is included to highlight the correlation between the quantities.
The present investigation of 11.5 nm thin Ag films confirms the previously obtained result of a direct
link between the lattice mismatch and the silver resistivity and is in line with additional experiments
performed [140]. As expected, those specimens of each sample pair which were sputtered at higher
oxygen flows show an increased resistivity and a larger out-of-plane lattice spacing. These proper-
ties are a direct consequence of the elevated negative oxygen ion bombardment due to the increased
oxygen flow. The corresponding theoretical considerations have been discussed in Sect. 3.1.1. On the
one hand the bombardment results in a decreasing lattice mismatch but at the same time it leads to a
structural degradation of the growing films. The latter is already evidenced by the ZnO (002) FWHMs
displayed in Tab. 4.5 which are consistently broader for the samples sputtered at higher oxygen flows.
dislocations at the grain boundaries or a reduced number of grain boundaries. To sum up, the
resistivity improvement is ascribed to a reduction of misfit dislocations in the present section.
Those dislocations possess a Burgers vector that is located in the plane and has no out-of-plane
component. This condition is fulfilled by the perfect dislocations (1/2) < 110 > and Shockley
partial dislocations (1/6) < 112 > discussed in Sect. 2.1. Interestingly, the deformation of the
substrate according to elastic theory, the release of lattice misfit by a network of edge dislo-
cations and the proposed occurrence of (1/2) < 110 > dislocations is consistent with findings
for the Ag/MgO system [142]. The obtained results also explain why no direct correlation be-
tween the microstrain ∆² and the resistivity has been observed in Sect. 4.2.2 since the arising
edge dislocations cannot be measured by θ-2θ scans which only probe the out-of-plane orien-
tation of the films. This result is in agreement with the theoretical expectations presented in
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Figure 4.23: Impact of the sputter pressure variation during ZnO deposition on the position of the
ZnO (200) reflection. The samples, that were previously discussed in Fig. 4.20, Fig. 4.21 and Fig. 4.22,
were deposited at different sputter pressures to vary the strain introduced into the deposited ZnO
seed layer. It is expected and observed that the increasing sputter pressure leads to layers that are
lesser strained due to the decreasing impact of the oxygen bombardment with higher pressure. The
resulting peak shifts towards the literature peak position can be clearly seen in the displayed θ-2θ
XRD measurements.
Fig. 3.14 in which edge dislocations lead to a broadening of the XRD reflections along ~Qx and
~Qy . Accordingly, based on XRD techniques developed for epitaxial InN and GaN films grown by
Molecular Beam Epitaxy (MBE) or MetalOrganic Chemical Vapor Deposition (MOCVD) [110],
[106], (hk0) peaks have to be measured and analyzed to determine the contribution of edge dis-
locations. However, due to the fiber texture of the silver films, the analysis of (hk0) peaks is not
possible. Nevertheless, (h0l) and other asymmetric reflections will be also influenced by edge
dislocations as well as screw dislocations, tilt and possibly microstrain [112]. Consequently,
information has to be gained on the peak broadening due to tilt and twist. To determine the
in-plane rotation of the crystallites,ω scans of asymmetrical reflections using skew symmetric
geometry at increasing ψ angles need to be performed on (h0l) XRD reflections that have an
in-plane component [110]. Subsequently, the FWHMs of theω scans are plotted as a function
of the inclination angle ψ. Next, if there is no interaction between tilt and twist, the individual
contributions can be calculated by fitting the plotted data according to [110]
α= [(αtilt)n + (αtwist)n]1/n (4.9)
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with
αtilt(ψ)=
(
cos
((
cosψ
)2 cosαω+ (sinψ)2))−1 , (4.10)
αtwist(ψ)=
(
cos
((
sinψ
)2 cosαψ+ (cosψ)2))−1 (4.11)
and
n = 1+ (1−η)2 . (4.12)
In the equations Eq. 4.9, Eq. 4.10, Eq. 4.11 and Eq. 4.12, αω and αψ are the tilt and twist angles,
whereas n is a constant varying between 1 and 2 depending on ηwhich has been introduced in
Eq. 3.18. Following, the density of edge dislocations can be calculated using αψ and
Nedge =
αψ
2.1 ·b ·L (4.13)
in which the lateral coherence length is given by L and the magnitude of the Burgers vector of
an edge dislocation is described by b. αψ can be obtained by extrapolating the fitted data to
ψ= 90 °. In addition, another possibility to determine the influence of edge and screw disloca-
tions has been presented in[106]. Heinke et al. showed that the dominant dislocation type can
be determined by plotting the (h0l)ω FWHM data versus the (00l)ω FWHM values. A similar
approach has been also chosen by Heying et al. In the corresponding publication [143], the
FWHM data of symmetric and asymmetric ω and ω-2θ XRD measurements has been com-
pared to make a qualitative statement about the densities of the occurring various disloca-
tion types. In addition to those XRD scans, another experimental approach besides TEM to
resolve the presumed dislocation movement to the grain boundaries might be the electrical
analysis of discontinuous films. In this context, it is envisioned that silver is deposited onto
one strongly strained and one unstrained zinc oxide seed layer, thus resulting in different grain
boundaries due to the varying amount of dislocations. Subsequently, the influence of the dif-
fering grain boundaries on the electrical parameters of the fabricated discontinuous metal film
can be probed. According to [144], the charge transport takes place by thermionic emission or
various tunneling processes in the case of a discontinuous metal film. Therefore, the goal of
the proposed investigation would be to resolve distinctly different electrical parameters for the
chosen specimens.
In summary, the use of the Williamson-Hall method for the evaluation of thin silver films has
been established and an analysis of the statistical deviations due to repeated XRD measure-
ments or uncertainties concerning the sample reproducibility has been conducted. Addition-
ally, a relation between the silver grain size and the enhanced electrical properties after heating
has been identified. In detail, the resistivity improvement observed for annealed films has been
connected with an increased lateral coherence length which in turn could be due to both a re-
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duced number of grain boundaries and an increased grain size. In general, it is assumed that
an increasing number of dislocations is linked with a decreasing lateral coherence length as has
been experimentally verified by High-Resolution X-ray Reciprocal Space Mapping (HRXRSM)
in [145]. In the present thesis, it has been found that there are no distinct grain size differ-
ences within the obtained errors for silver films sputtered on differently strained zinc oxide
seed layers which were analyzed by planar TEM. Due to the discussed relationship between
the lattice mismatch of Ag on ZnO and the amount of misfit dislocations in the corresponding
silver films, a reduction of the dislocation density should result in larger grain sizes. Hence,
additional HRTEM measurements are recommended to specify exact grain sizes. In addition,
it has been proven that the RMS roughness determined by AFM measurements is not corre-
lated to the Ag resistivity. Moreover, consecutively performed structural measurements could
be linked to the resistivity improvements detected. As a result, the hypothesis stating a con-
nection between Ag/ZnO lattice mismatch and Ag resistivity has been confirmed. Considering
that the lattice mismatch influences the dislocation density and thus the grain boundaries, it
is postulated that the beneficial impact of strained ZnO and the resistivity improvement of sil-
ver due to annealing are a consequence of the same mechanism. Both correlations lead to a
minimization of the grain boundary scattering underlining its importance for the transport in
silver thin films. As a result, it can be concluded from the conducted experiments that tailoring
the properties of silver films on zinc oxide offers a significant potential for improving the silver
conductivity.
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4.3 Influence of dislocations on Laue fringes in silver thin
films
Next, the question is addressed if Laue fringes should be visible in the silver thin films pre-
sented. So far, different efforts have been made to improve the structural and electrical prop-
erties of silver including the utilization of zinc oxide seed layers. The lack of Laue fringes in the
θ-2θ data shown so far is a first sign for a detrimental influence that needs to be specified in
detail.
To establish a reference system, a layer stack featuring a highly textured and ultra-smooth or-
ganic film is introduced in Fig. 4.24(a). The corresponding layer stack was deposited onto a sil-
icon substrate and consists of perylene and PDMS. Such a system shows distinct Laue fringes
that can be reproduced precisely by simulations. In the chosen reference system, the organic
material analyzed is perylene which is a polycyclic aromatic hydrocarbon that is used as or-
ganic p-type semiconductor. Furthermore, perylene is the active material in organic thin film
transistors (OTFT). In addition, the layer stack contains a polydimethylsiloxane (PDMS) film
that is known to improve the film perfection of organic semiconductor thin films. PDMS is a sil-
icone compound which is employed for dielectric surface modifications (DSM) and enhances
the performance of OTFT devices. The corresponding layer stack was fabricated in-house by
members of the organic group of the I. Institute of Physics (IA) and has been analyzed with the
same XRD tools used for scanning the silver thin films. Consequently, the well-ordered organic
films can be applied to test the resolution limit of the setups.
The organic reference system is then compared to a standard layer stack consisting of silver
deposited on zinc oxide on a silicon substrate. In contrast, if anything, the silver film only ex-
hibits weak Laue fringes Fig. 4.24(b). As was summarized in Sect. 3.2.1.1, Laue fringes can be
disturbed by two factors which are either the mean deviation δ from the average thickness d
of the layer or dislocations contained in the film. Based on the previously presented AFM re-
sults for the silver roughness (compare Fig. 4.20), the thickness deviation is excluded as the
dominant effect interfering with the formation of Laue fringes. This result is confirmed by sim-
ulations of the Laue fringes according to Eq. 3.17 which state that the Laue fringes disappear for
mean deviations δ≥ 12 ·dAg(111) ≈ 28 Å where dAg(111) is the interlayer spacing for (111) planes,
which amounts to 2.36 Å. Since the simulated thickness deviation, which is required for the
disappearance of the Laue fringes, is much higher than the actual roughness determined by
AFM measurements, the lack of the Laue fringes must be due to dislocations. In this context,
it is necessary to consider other types of dislocations as the aforementioned misfit dislocations
which have Burgers vectors in the (111) plane since the dislocations disturbing Laue fringes re-
quire a Burgers vector with an out-of-plane component. In line with the discussions in Sect. 2.1,
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Figure 4.24: Comparison of the Laue fringes occurring in θ-2θmeasurements conducted on an or-
ganic reference system Fig. 4.24(a) and a standard silver film on ZnO/Si Fig. 4.24(b). In addition, the
organic film has been also simulated taking into account the influence of roughness. The simulation
and the measurement are in good agreement. The 200 nm thick perylene film that has been deposited
with a rate of 0.2 Ås−1 by thermal evaporation could be described by simulating a 194 nm thick layer
and assuming a roughness of 8 nm. In contrast, the silver film only shows weak Laue fringes. It is
presumed that the extremely low intensities of the side lobes are due to a pronounced impact of dis-
locations. The assistance of the following people for providing the data of the organic film is gratefully
acknowledged: Preparation by Mathias Cornelissen, XRD measurement performed by Cathy Jodocy
and implementation of the simulation by Christian Effertz.
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Figure 4.25: Examples for stacking faults in the face-centered cubic structure that originate from
Frank partial dislocations. As stated in Sect. 3.2.1.4, the normal staking sequence of the (111) planes
is A B C..., whereas (a) illustrates an intrinsic stacking fault and (b) an extrinsic stacking fault. The
stacking faults shown result from [111] Frank partial dislocations. In an fcc crystal there are three
linearly independent <111> directions which all should give rise to energetically equivalent Frank
partial dislocations.
only the Frank partial dislocation qualifies. Such a partial dislocation is known to arise from the
displacement cascades formed by irradiation with energetic atomic particles according to [48].
Thus, it is highly likely that Frank partial dislocations are formed during the sputter process. In
such a process, the growth takes place far away from thermodynamic equilibrium and under
a constant bombardment of highly energetic particles. Hence, if a sufficient number of corre-
sponding dislocations with an out-of-plane Burgers vector (1/3)< 111> is introduced into the
specimen already during the growth, this could be the reason for the absence of Laue fringes
in the XRD measurements of silver thin films. Incorporating Frank partial dislocations leads ei-
ther to an intrinsic fault with stacking sequence A B C A C A B C... through the removal of a layer
or to an extrinsic fault with A B C A B A C A B... by adding one layer. Indeed, stacking faults have
been observed in the TEM images presented in Sect. 4.2.1. Exemplary sketches of the possible
stacking faults resulting from Frank partial dislocations in [111] direction on a (111) plane are
displayed in Fig. 4.25. Nevertheless, due to the symmetry of the lattice it is expected that all
Frank partial dislocations equivalent to [111] and denoted by the set of directions <111> exist
in the films. Those dislocations exhibit Burgers vectors that feature both in-plane and out-of-
plane components. Consequently, such dislocations should influence the formation of Laue
fringes as well as the electrical transport properties of the silver thin film. This would create
a direct link between the weak or non-existing Laue fringes and defects in the film, which are
detrimental for the conductivity in the Ag films.
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Chapter 5
Evaluation of silver film growth on alter-
native seed layers
Following the growth analysis of silver on zinc oxide, the next two sections deal with controlling
the structural properties of thin silver films by using alternative seed layers. For the modifica-
tion of the silver structure two different seed layers have been chosen, namely NiO and HF-
etched Si, which are discussed in Sect. 5.1.1 and Sect. 5.1.2, respectively. The present chapter
is concluded by an investigation of the wetting behavior of silver thin films on different seed
layers in Sect. 5.2. For this purpose, the percolation limit of silver on the various seed layers
used is identified and the adhesion as well as the surface free energies of all seed layers are
compared.
5.1 Controlling the structural properties by using alternative
seed layers
In the next section, silver films on top of seed layers other than ZnO will be discussed. It will be
shown that it is possible to adjust the texture, both in-plane and out-of-plane, of silver thin films
by selecting specific seed layers. The aim of this approach is the identification of alternative
seed layers for controlling and if possible improving the structural and electrical properties of
the subsequently deposited silver film. At first, the influence of NiO as a seed layer is tested due
to the very small lattice mismatch of fcc Ag and rock salt structured NiO (compare Tab. 5.1).
Subsequently, single crystalline silicon wafers, that were dipped in hydrofluoric acid to remove
the native silicon dioxide, are used as an exemplary substrate featuring a high crystallinity.
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Table 5.1: List of possible other seed layer candidates. The table contains the crystal orientation
leading to the smallest mismatch with the silver film on top. Further parameters that are also listed
are the structure of the seed layer material, the in-plane lattice constant and the corresponding mis-
match with the in-plane silver lattice parameter calculated according to equation Eq. 2.6. The given
in-plane lattice constants were taken from the Powder Diffraction Files of the Joint Committee on
Powder Diffraction Standards. The value for the best candidate NiO can be also found in literature
[146]. For the hexagonal seed layers listed, the mismatch has been calculated using the Ag (111) in-
plane lattice constant ae ( f )= 2.89 Å, whereas in the case of rock salt structured substrates the Ag (100)
in-plane lattice constant a = 4.086 Å has been used.
Material Plane Crystal structure a [Å] Mismatch
Aluminum nitride (AlN) (001) hexagonal 3.099 −7.2 %
Silicon carbide (SiC) 6H (001) hexagonal 3.081 −6.6 %
Beryllium oxide (BeO) (001) hexagonal 2.698 6.6 %
Boron nitride (BN) (001) hexagonal 2.510 13.1 %
Magnesium oxide (MgO) (100) rock salt 4.211 −3.1 %
Nickel oxide (NiO) (100) rock salt 4.176 −2.2 %
Zinc oxide (ZnO) (001) hexagonal 3.254 −12.5 %
5.1.1 Nickel oxide as alternative seed layer
Tab. 5.1 gives an overview about candidates for seed layer applications that are showing a signif-
icantly lower lattice mismatch compared to ZnO. The list of materials contains several hexago-
nal and cubic crystal structures. As can be seen with respect to the mismatch, the best candi-
date is NiO, which possess a rock salt structure. It is followed by MgO which exhibits the same
structure. The good agreement of the in-plane lattice constants of Ag and rock salt substrates as
well as the small resulting mismatch of −2.2 % is already described in the literature [43], [147].
Due to those reasons, NiO was the first choice for an attempt to modify the silver film with an
another seed layer. Incidentally, the structural relationship between thin NiO films deposited
on top of a Ag (001) substrate is well-known in literature. By changing the order of the layers
compared to the layer stack fabricated in the present thesis, a widely analyzed complex het-
erostructure is obtained in which especially the metal-oxide interface is of interest [148], [149],
[150], [151], [152]. Some basic properties of NiO are summarized in Tab. 2.1 and the structure
is displayed in Fig. 5.1.
At this point, the chosen sputter parameters for the NiO deposition shall be summarized. NiO
is deposited in a current-controlled reactive DC magnetron sputter process using a current of
500 mA. The total pressure inside the chamber is kept constant adjusting the argon flow. 0.4 Pa
was chosen as the total pressure. This value is based on previously performed experiments with
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Table 5.2: Summary of basic physical properties of NiO.
Chemical symbol NiO
Crystal structure
rock salt
space group: Fm3m (225)
Lattice parameter a = 4.176 Å [153]
Mass density
6.67 gcm−3 (bulk) [154]
≈ 6.0−6.7 gcm−3 (sputtered)
Surface free energies
1.16 Jm−2 (100)
2.75 Jm−2 (110)
3.42 Jm−2 (111) M2+
3.59 Jm−2 (111) O2− [155]
Poisson’s ratio 0.21 [156]
Band gap 3.54−4.3 eV [157], [158]
Ni and NiO. Typical gas flows in the chamber during the deposition are around 20 sccm for Ar
and roughly 5 sccm of O2. These flows lead to an oxygen partial pressure of around 85 mPa. In
general, the attempt has been made to adjust the oxygen flows to the lowest possible values. In
all processes a metallic 3 inch Ni target is used. Due to the ferromagnetic properties of metallic
Ni the height of the target is only 2 mm compared to the standard target height of 6 mm.
The introduction of NiO into the layer stack leads to a striking effect. Already small amounts
of NiO between ZnO and Ag have a pronounced influence on the subsequently deposited Ag
film. The presence of the adjacent NiO film suppresses the (111) texture usually found for Ag
films. As mentioned before, normally a ZnO (001) seed layer is applied for an improved growth
of Ag and causes the pronounced (111) silver texture. To achieve the above mentioned change
of texture, even NiO layer thicknesses below 1 nm are sufficient. This is a remarkably strong
impact. Moreover, it can be observed that already thin NiO layers are highly textured. The
experiments show that 7 s of NiO deposition corresponding to a thickness of 4.7 nm are enough
to lead to a sharp NiO (200) peak in the XRD θ-2θ scans presented in Fig. 5.2.
Further analysis of the XRD data reveals that the ZnO (002) and NiO (200) peak positions are
shifted compared to their literature positions obtained from powder samples. For the ZnO (002)
reflection, the observed shift is well-known as stated previously in Sect. 4.2. However, observing
the same behavior for the NiO (200) XRD peak is remarkable. Complementary x-ray reflectom-
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Figure 5.1: Overview of the Ni and O atomic positions in the NiO crystal lattice forming a rock salt
structure. Ni atoms are colored green, whereas oxygen atoms are depicted in red.
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Figure 5.2: XRD θ-2θmeasurement of Ag/NiO/ZnO layer stacks with different NiO deposition times
leading to different film thicknesses. In the experiment, the NiO sputtering time has been varied
between 1 s and 11 s. The scans clearly show the change in Ag texture to (200) and the formation of
a corresponding NiO (200) peak. XRR measurements revealed that the deposition time of 1 s for NiO
corresponds to a film thickness of about ≈0.5 nm and the XRD scans reveal that introducing such an
ultra-thin NiO layer leads to the change of the silver texture from (111) to (200). In addition, the XRD
measurements illustrate that already a deposition time of 7 s, which is equivalent to a film thickness
of 4.7 nm, gives rise to a sharp NiO (200) peak. The gray lines mark the 2Θ literature positions of the
XRD peaks belonging to ZnO (002), Ag (111), NiO (200) as well as Ag (200). At the same time they are
exposing a shift of the ZnO (002) and NiO (200) peak positions.
etry measurements confirm the aforementioned high reproducibility of the Ag deposition. All
Ag layers show only minimal deviations from the mean value of 9.4 nm. However, the fabri-
cation of a large number of highly comparable ZnO is challenging. The thickness of the ZnO
layers shows deviations of up to 7 %. For an in-depth analysis of the related origins see Sect. A.1
discussing the reproducibility of the ZnO deposition experiments. This investigation has led to
a mechanical correction of the sample holder decreasing the fluctuations observed in the ZnO
layers. Moreover, it has been determined that holding a constant temperature during sput-
tering using a heating unit improves the reproducibility significantly. A summary of the XRR
results of Tab. 5.3 is shown in Fig. 5.3.
The same behavior can be observed when the layer stack is sputtered on silicon instead of glass
substrates or if thinner ZnO layers (≈10 nm) are applied as can be seen in Fig. 5.4. Hence, the
modification of the texture is independent of the substrate used and the structural quality of
the ZnO. Fig. 5.5 displays the XRD pattern of three samples on silicon substrates. For compar-
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Figure 5.3: Graphical analysis of the XRR data shown in Tab. 5.3. Fig. 5.3(a) and Fig. 5.3(b) show the
behavior of the Ag and the ZnO thicknesses, respectively. The Ag thickness is highly reproducible,
whereas the ZnO thickness exhibits fluctuations. The continuous lines in Fig. 5.3(a) and Fig. 5.3(b)
represent the calculated mean values of the respective thicknesses, whereas the dashed lines indicate
the resulting standard deviation. Fig. 5.3(c) confirms the linear increase of the NiO film thickness
with deposition time. The green line illustrates a linear fit performed to determine the slope, thus
yielding information on the deposition rate.
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Table 5.3: Layer thicknesses of the Ag/NiO/ZnO layer stacks as determined by XRR scans. The silver
thickness is highly reproducible compared to the zinc oxide thickness that shows fluctuations.
Sample number /
deposition time [s]
Ag [nm] ZnO [nm] NiO [nm] Rate NiO [nms−1]
8 / 1 9.5 53.5 0.5 0.53
10 / 3 9.4 49.0 1.7 0.57
12 / 5 9.3 50.2 3.3 0.66
14 / 7 9.6 49.9 4.7 0.67
16 / 9 9.4 43.0 5.1 0.57
18 / 11 9.2 49.8 6.4 0.58
ison, a reference sample without a NiO layer is included. In this case, the Ag (111) orientation
is preferred as expected. If small amounts of NiO are introduced into the layer stack, the tex-
ture shifts towards a (200) orientation, even if some small residual (111) peak is still observable
(Fig. 5.5). For thicker NiO seed layers, the remaining Ag (111) peak completely vanishes and a
sharp NiO (200) reflex appears (Fig. 5.5).
The next step is checking the behavior of the NiO and Ag layers without the ZnO layer below.
Fig. 5.6 shows the result. Without the underlying ZnO seed layer, the NiO does not develop
the desired (200) texture. A 10 nm thick Ag layer deposited on top of the NiO evolves in (111)
orientation without the pronounced texture change seen before. For this experiment, a thin
NiO layer with an approximate thickness of 5 nm and comparable to the ones used before was
sputtered. It becomes clear from this data that the underlying hexagonal wurtzite ZnO (002)
seed layer is essential for the modification of the Ag texture.
To unravel the link between the growing NiO film and the ZnO seed layer below, additional
heating experiments were carried out to obtain further insights into the relationship between
NiO and ZnO as well as allowing an assessment of the related impact on the silver thin film.
Fig. 5.7 shows the XRD patterns of different samples for NiO heated to various annealing tem-
peratures during the sputter process. In summary, six different annealing temperatures were
selected, namely 100 ◦C, 150 ◦C, 200 ◦C, 250 ◦C, 300 ◦C, 350 ◦C, and one unintentionally heated
reference sample was fabricated. It can be observed that the ZnO deteriorates significantly dur-
ing the heated sputtering of the NiO layers. The degradation becomes worse with increasing
annealing temperatures. This is explained by the reactive sputter atmosphere. The oxygen
bombardment in combination with the high temperatures leads to the observed deteriora-
tion of the ZnO. At the same time the NiO (200) peak vanishes with increasing temperatures.
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Figure 5.4: XRD θ-2θ scans of samples on glass substrates but with thinner ZnO layers (≈10 nm)
compared to Fig. 5.2. In the figure, the reduced ZnO thickness directly translates to decreased
ZnO (002) intensities. Nevertheless, the samples exhibit the same behavior upon changing the NiO
deposition time. Again, the silver texture already changes for small NiO amounts. The gray lines
denote the 2Θ literature positions of the XRD peaks belonging to unstrained ZnO (002), Ag (111),
NiO (200) and Ag (200).
It seems that the NiO texture is connected with the crystalline quality of the ZnO. If the crys-
tallinity of the ZnO decreases, the NiO reacts and also grows with a reduced crystal quality. Still,
for all sputtered layers the Ag (200) texture is observed. There is no indication for the formation
of (111) oriented silver. This supports the previous findings that only minor amounts of NiO
are necessary to change the Ag orientation.
Another similar set of experiments was performed in an attempt to analyze the influence of
post deposition annealing and compare the results with the findings of the in-situ heating.
Therefore, a number of seed layer stacks consisting of ZnO and NiO was sputtered and subse-
quently annealed in a post deposition process. The following annealing parameters were ap-
plied as standard values for the setup used, an argon flushed tube furnace: A heating ramp of
5 Kmin−1 and a holding time of 30 min at the maximum temperature were employed. The same
maximum temperatures were chosen as before. This time a reference sample was sputtered,
too. The corresponding XRD measurement in BBXRD geometry shows the expected behavior,
namely the changed Ag (200) texture and an appearing NiO (200) peak in the XRD scans. For
the reference sample, the ZnO and NiO peaks are shifted again with respect to their respective
literature position (see Fig. 5.8). With increasing annealing temperature, the heated samples
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Figure 5.5: XRD θ-2θ scans of three samples on silicon substrates. These specimens exhibit the
same behavior as the layer stacks on glass. The silver texture is already changed by thin NiO films
in the stack as can be seen for the red line in the figure with a calculated NiO layer thickness of only
0.3 nm. A thick NiO layer with a sharp XRD peak is included (green line) as well as a reference sample
without NiO (blue line) for comparison. The gray vertical lines are representing the literature peak
positions of the XRD reflexes belonging to ZnO (002), Ag (111), NiO (200) and Ag (200).
reveal a relaxation of the strained ZnO and NiO layers. Again, one can assume a correlation
between the ZnO and NiO behavior. Another important observation is the disappearance of
the Ag (200) peak with increasing temperature. For temperatures above 200 ◦C, there is no sign
left of the Ag (200) texture. Instead, the orientation seems to have changed back to (111). Start-
ing with the 100 ◦C sample the XRD data of all annealed specimens show the existence of silver
in an (111) orientation. The samples heated to 100 ◦C and 150 ◦C have an exceptional status
because they feature a Ag (111) and a Ag (200) texture at the same time. In contrast, the 200 ◦C
sample is the first one to possess a pure (111) texture again and the last one that exhibits a
highly strained ZnO film. The resulting conclusion is that a strained ZnO layer is needed to
change the texture of silver, even if an additional NiO film separates both layers, and to strain
the NiO on top. Due to the fact that the Ag (111) peak intensities first increases and then with
increasing relaxation of the ZnO (002) decreases instead of becoming even more pronounced,
it becomes apparent that stressed ZnO layers are necessary to achieve the best Ag (111) texture.
The change of silver texture from (200) back to (111) is thereby ascribed to the relaxation of NiO
that in turn results from the relaxation of the ZnO. According to the Bragg equation Eq. 3.10
and considering the results of Sect. 4.2.1, the relaxation of the NiO layer is accompanied by a
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Figure 5.6: XRD θ-2θmeasurements of a thin (≈5 nm) NiO layer with (red) and without (blue) a thin
(≈10 nm) Ag film on a glass substrate without a ZnO seed layer. It can be seen that the NiO without an
underlying ZnO seed layer shows no texture. Hence, the crystallinity of the NiO layer is so bad that
the silver film on top grows based on the minimization of its surface free energy, thus explaining the
occurrence of the Ag (111) peak.
change of the corresponding lattice constants. Presumably, this change of lattice constants in-
fluences the epitaxial relationship between the NiO seed layer and the silver film on top. Hence,
if the lattice mismatch between silver and nickel oxide increases as is hinted by the decreasing
interplanar spacing of NiO, the silver film will lose its epitaxial contact. Thus, due to energetic
considerations based on the differing surface free energies for different silver orientations, the
silver texture changes back to (111). Therefore, this data proves the significance and accuracy
of the hypothesis that not only the texture is crucial for the improvement of thin silver films,
but also the structural order of the underlying seed layer. Otherwise the ZnO layer with the best
texture should lead simultaneously to the best silver films.
The critical influence of the ZnO layer for the overall layer stack also becomes apparent when
repeating a set of experiments already performed on a Ag/ZnO system previously shown in
Fig. 4.18. Again, differing ZnO seed layers were deposited at various sputter pressures. To guar-
antee the comparability of the experiments, the ZnO was sputtered at the following pressures
0.35, 0.6, 1.0 and 1.5 Pa, whereas afterwards identical, roughly 8.4 nm thick NiO and Ag films
were deposited. Subsequently, Bragg-Brentano and vdP measurements were done. The BBXRD
data is displayed in Fig. 5.9.
124
Section 5.1: Controlling the structural properties by using alternative seed layers
30 32 34 36 38 40 42 44 46 48 500
10
20
30
40
50
60
70
80
2θ [°]
I n
t e
n s
i t y
 [ c
p s
]
 
 
Z n
O
( 0 0
2 )
A g
( 1 1
1 )
N
i O
( 2 0
0 )
A g
( 2 0
0 )
Ref.
100°C
150°C
200°C
250°C
300°C
350°C
Figure 5.7: Bragg-Brentano analysis of NiO deposited at different elevated temperatures during
sputtering. The ZnO seed layer was already deposited before and significantly deteriorates during
the subsequent heating in the reactive sputter atmosphere. Afterwards, Ag is deposited on top of the
seed layer stack.
In a next step, the ZnO lattice spacings corresponding to the differing 2Θ peak positions are
calculated and plotted versus the Ag resistivity. The results as well as a trend line to emphasize
the observed correlation are included in Fig. 5.10.
The same trend is found for the Ag/NiO/ZnO system that was reported in Sect. 4.2.3 for the
prior analyzed Ag/ZnO layer stacks. An increase of the ZnO lattice spacing arising from the
induced strain is directly linked to a decreasing Ag resistivity, even if a NiO layer is placed in
between. All things considered, the evaluation underlines once more the crucial importance
of the ZnO seed layer for the multi-layer system. In fact, compared to the standard Ag/ZnO
systems it seems that the additional seed layer enhances the correlations found. The next part
analyzes the influence of the NiO thickness on the Ag resistivity. To find further correlations, a
NiO thickness series was sputtered in which the deposition time and thereby the thickness of
the NiO was varied. All specimens should have the same ZnO and Ag layers below and above
the NiO film. The XRD scans displayed in Fig. 5.11 confirm that all samples show the NiO (200)
and Ag (200) peaks according to the XRD θ-2θ scans already presented at the beginning of the
section in Fig. 5.2. The analysis of the data for the silver sheet resistance illustrates that the
ideal NiO thickness for the use as silver seed layer is between 3 and 10 nm as will be shown
later. These NiO thicknesses lead to the lowest silver resistances and thus to the best electrical
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Figure 5.8: BBXRD measurements of the post deposition annealed seed layer stack consisting of ZnO
and NiO, subsequently Ag was deposited. With increasing temperature a relaxation of the ZnO and
NiO peaks occurs. At the same time the silver texture changes back from (200) to (111). This process
is completed at 200 ◦C with the disappearance of the Ag (200) peak. Concluding it seems to be highly
critical to have a stressed ZnO seed layer.
properties (see Fig. 5.15(a)).
After establishing the importance of ZnO seed layers and depositing thin NiO films, the sig-
nificance of the NiO working point was analyzed. The focus of these experiments was on the
impact of the oxygen flow during the reactive DC magnetron sputtering of NiO. The remaining
sputter parameters like total pressure and sputter current were kept constant. The chosen val-
ues of these parameters were a total pressure of 0.4 Pa and a sputter current of 500 mA. Fig. 5.12
displays the hysteresis of the sputter processes. The plotted sputter parameters are the oxygen
flow and the resulting oxygen partial pressure inside the chamber. With the green arrow and
the green squares, the working point used in the previous experiments and the newly chosen
working points are identified. For higher oxygen flows, the oxide sputter mode where stoichio-
metric NiO can be deposited is reached. As can be seen in Fig. 5.12, the hysteresis is not very
pronounced, but nevertheless the differences of the slopes for increasing and decreasing oxy-
gen flows permit the identification of a transition region and the selection of suitable working
points. The deposition time was not varied during this experiment. Therefore, the thickness of
the deposited NiO layers varies between 4.9 nm for the 4.4 sccm sample and 6.4 nm in the case
of the 6.0 sccm specimen.
126
Section 5.1: Controlling the structural properties by using alternative seed layers
30 32 34 36 38 40 42 44 46 48 500
50
100
150
2θ [°]
I n
t e
n s
i t y
 [ c
p s
]
 
 
Z n
O
( 0 0
2 )
A g
( 1 1
1 )
N
i O
( 2 0
0 )
A g
( 2 0
0 )
0.35 Pa
0.6 Pa
1.0 Pa
1.5 Pa
Figure 5.9: BBXRD scan of several Ag/NiO/ZnO layer stacks including ZnO films sputtered at dif-
ferent pressures. No distinct NiO (200) peak shift can be observed, whereas the variation of the ZnO
sputter pressure leads to the already known shift of the ZnO (002) peak.
Based on the series presented here, the determination of the NiO deposition rate as a function
of the oxygen flow is possible enabling the sputtering of NiO films at different flows with the
same thickness. The analysis of the XRD data confirms the Ag (200) texture for all fabricated
samples but only two of the specimen display the NiO (200) peak (compare Fig. 5.13). The
corresponding XRD data belongs to the samples with the lowest chosen oxygen flows that were
sputtered deep in the transition region between metallic and oxide mode. With exception of
the reference film, samples sputtered with those parameters also entail the lowest silver sheet
resistances. The related samples are marked in Fig. 5.15(b).
In order to verify this finding, a second series of NiO layers with different oxygen flows was
deposited, but this time the transition region was scanned with a higher resolution. The XRD
data shows again that the films with the lowest flows (below 5.0 sccm) are the only ones that
exhibit NiO (200) peaks in the XRD pattern (Fig. 5.14). At the same time, the vdP analysis of the
entire layer stack reveals that the best possible oxygen flows for the NiO deposition are around
5.0 sccm (Fig. 5.15(c)) for the chosen total pressure. This conclusion is based on the electrical
properties of the Ag films on top. Interestingly, the value found matches exactly the working
point that was arbitrarily chosen before for the NiO deposition.
In summary, it has been proven that controlling the silver texture is possible by introducing
nickel oxide. This work has demonstrated the feasibility of the concept by integrating an ad-
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Figure 5.10: Presentation of Ag resistivities plotted against ZnO lattice spacings for Ag/NiO/ZnO
layer stacks. A guide to the eye is included to highlight the correlation between the quantities. An
increasing lattice spacing leads apparently to a decreasing silver resistivity. Thus, a similar trend can
be observed for the Ag/NiO/ZnO systems that was previously noticed for Ag/ZnO layer stacks.
ditional NiO seed layer to change the silver texture from (111) to (200). The texture shift has
been achieved while maintaining most of the intrinsically good electrical properties of the sil-
ver film, although it has not been possible to further improve the conductivity. It seems that the
lattice mismatch is not the only additional parameter besides the seed layer texture that needs
to be considered. This argument will be picked up later in Sect. 5.2. Furthermore, the influence
of the working point and the NiO layer thickness have been addressed in the current section.
It has been shown that ultra-thin NiO films sputtered within the transition region of the reac-
tive sputter process are best suited. Nonetheless, for all experiments performed the utilization
of ZnO layers is mandatory. It has been found that the ZnO film is essential for the texture
modification and that without this additional seed layer the shift of the silver texture cannot be
realized. The exact reasons for this behavior are still discussed and further studies are needed
although it is assumed that the surface free energy might play a crucial role in the texture for-
mation of the NiO. Energetically, the (200) orientation in NiO is highly favored (see Tab. 5.2). If
the surface free energy of the ZnO (002) orientation is additionally taken into consideration, it
becomes apparent that the surface free energy of NiO (200) is even lower. Based on the concept
that solids are striving to minimize their energy, it is also valid that materials with a high surface
free energy (ZnO (002) 1.59 Jm−2) are easily covered by materials with a lower surface free en-
ergy (NiO (200) 1.16 Jm−2), but not the other way around. This line of argumentation provides
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Figure 5.11: BBXRD data corresponding to layer stacks consisting of standard ZnO and Ag layers
as well as NiO films with varying thicknesses. They are all showing the NiO (200) and Ag (200) peaks
in agreement with the XRD scans presented at the beginning of the section in Fig. 5.2. Based on this
data and the resistance analysis, it is possible to determine the ideal NiO seed layer thickness for the
thin silver films. One reference sample without the NiO layer is included for comparison. It shows
the expected Ag (111) peak.
a first argument explaining the favored growth of NiO on ZnO and also indicates why the ZnO
seed layer promotes the texture shift in comparison to typical substrates like silicon or glass.
What remains unclear is the exact orientation of the NiO film with respect to the ZnO substrate
and the interfacial relationship between the hexagonal ZnO and the rock salt structured NiO.
However, exploring the corresponding relationship of the NiO/ZnO interface has not been the
key aspect of the present work.
5.1.2 Silver thin film deposition on HF-etched Si
Besides the already presented NiO and standard ZnO layers, hydrofluoric acid etched silicon
wafers (HF-etched Si) have been considered as another alternative substrate for the silver film
growth. The etching of the silicon wafer yields a single crystalline hydrogen-passivated sur-
face, subsequently abbreviated H-Si [159]. Due to the cubic structure of the silicon, the re-
sulting surface should represent the ideal substrate structure for a Ag thin film. Hence, these
silicon substrates are used in order to fabricate Ag films with an remarkable structure allow-
ing to study the impact of the enhanced structure on the electrical properties. Moreover, the
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Figure 5.12: Hysteresis curves for the reactive DC magnetron sputtering of NiO. In Fig. 5.12(a), the
mean oxygen partial pressure inside the chamber as determined by a Lambda probe is plotted versus
the oxygen flow. The previously used oxygen flow is marked with a green arrow. The newly chosen
flows are highlighted with green squares. In Fig. 5.12(b), another view of the NiO hysteresis curve of
a reactive DC magnetron sputter process is presented. In this graph, the sputter voltage is plotted
versus the oxygen flow. From this plot, the transition region between metallic and oxide sputtering
mode can be distinguished clearly. The typical hysteresis behavior of a reactive sputter process can
be observed.
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Figure 5.13: θ-2θ scans of the samples sputtered at different oxygen flows. Only two samples de-
posited in the transition region exhibit the NiO (200) XRD peak. Nevertheless, all layer stacks result
in (200) oriented Ag films.
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Figure 5.14: θ-2θ data of the oxygen flow series with the higher resolution. The trends are the same
as before.
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Figure 5.15: Van der Pauw data for Ag films deposited on differing NiO/ZnO seed layer stacks. The
plot Fig. 5.15(a) demonstrates that the best NiO thickness for subsequent silver deposition is between
3 nm to 10 nm. Thicknesses in this region are leading to the lowest silver resistances, consequently the
corresponding area is marked by a red square. An investigation of a possible correlation between the
chosen NiO oxygen flow during sputtering and the Ag sheet resistance is displayed in Fig. 5.15(b). A
clear trend is visible: Specimen sputtered at lower oxygen flows are leading to improved electrical
properties of the silver films. Fig. 5.15(c) shows the repetition of the measurement presented prior in
Fig. 5.15(b) with a higher resolution of the oxygen flow region that is of particular interest for improv-
ing the Ag resistance. Both graphs give an overview of the development of the Ag sheet resistance as
a function of the oxygen flow. To this end, samples sputtered at different oxygen flows in the transi-
tion region were investigated in Fig. 5.15(c). A minimum for the Ag sheet resistance can be resolved
around oxygen flows of 5.0 sccm to 5.2 sccm. In addition, Fig. 5.15(b) contains data of a reference
sample without a NiO layer for comparison.
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hydrogen-terminated Si surface features a distinctly smaller surface free energy than clean Si
surfaces which should have an impact on the growth mode (see Tab. 5.4). On clean Si Stranski-
Krastanov growth is generally observed, whereas on HF-etched Si substrates the Volmer-Weber
growth type can be found [160], [161]. According to literature [162], [163] the lattice parameter a
of hydrogen-terminated silicon is 5.430 Å leading to a pronounced lattice mismatch of −32.9 %
with silver thin films. (According to the equivalent formula given in Sect. 2.1, a lattice mismatch
of 24.7 % is often found in the literature [164], [159].) Based on the previously performed analy-
sis of the optimal relation between film and substrate lattice constants, the H-Si is not the best
choice. Yet, according to literature it can be expected that the ultra-flat substrate surface, the
cubic (111) structure and the low surface free energy are providing a suitable growth template
for a silver thin film and will at least result in a strikingly enhanced silver structure. In this sec-
tion, only the results obtained for silver thin films deposited on hydrofluoric acid etched, highly
resistive (>5 kΩcm) n-doped Si (111) wafers are discussed. Within the work, the application
of highly resistive (>3 kΩcm) p-doped Si (100) wafers, that were subject to an identical treat-
ment, as substrates for subsequent Ag growth has been tested, too. Ultimately, the utilization
of Si (100) as a growth template for Ag has not led to an improvement of the Ag structure or a
change of the preferred out-of-plane texture and therefore has been abandoned and will not be
shown in the present work. The HF-dipped highly resistive n-doped Si (111) wafers are then ap-
plied as substrates for the subsequent deposition of either single Ag films or a layer stack of Ag
and ZnO. Subsequently, both layer stacks are capped by employing RF-sputtered ZnO:Al. After
the deposition, these specimens are evaluated by XRD Bragg-Brentano and pole figure as well
as XRR and vdP measurements. The XRD results are presented in Fig. 5.16, where Fig. 5.16(a)
displays the pattern for the ZnO:Al/Ag/ZnO layer stack on HF-etched Si and Fig. 5.16(b) shows
the corresponding diffractogram for the ZnO:Al/Ag system on HF-etched Si. As can be seen,
the two θ-2θ scans can be distinguished by means of the ZnO peak that is visible as a shoulder
in the reflection of the ZnO:Al capping. In both cases, the much lesser strained ZnO:Al encap-
sulation layer is due to a lower oxygen bombardment during its fabrication. The reason is the
non-reactive RF sputter process chosen for the deposition of ZnO:Al from a ceramic target.
In addition to the Bragg-Brentano scans, pole figure scans of both samples are taken. Therefore,
a symmetric θ-2θ geometry is chosen and the detector is positioned at 2Θ = 38.2 ° which cor-
responds to the Ag (111) peak position. Afterwards, φ and Ψ are varied between 0° to 360° and
45° to 65°, respectively. The Ψ range is particularly selected to measure the Ag (200) reflection
which is predicted to appear at a tilt of 54.7° according to
cosΨ= h1h2+k1k2+ l1l2√(
h21+k21 + l 21
)(
h22+k22 + l 22
) . (5.1)
The Ag (200) peak has been chosen because, aside from the (111) reflection, the highest peak
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Figure 5.16: θ-2θdata of capped Ag with Fig. 5.16(a) and without Fig. 5.16(b) a ZnO seed layer on HF-
etched Si. In Fig. 5.16(a) the ZnO (002) reflection is visible as a shoulder of the ZnO:Al (002) capping
layer. The ZnO based encapsulation is much lesser strained than the ZnO seed layer due to a lower
oxygen bombardment during the fabrication of the capping layer. The reason is the non-reactive RF
sputter process chosen for the deposition of ZnO:Al from a ceramic target.
intensity is expected for this peak. The resulting data is displayed in Fig. 5.17 and Fig. 5.18. For
the layer stack containing the ZnO seed layer no structural changes are detected when sputter-
ing the layer stack on HF-etched Si. The Ag film still exhibits the fiber texture already known
from comparable systems deposited on glass or untreated Si wafers.
In comparison the direct deposition of Ag on the HF-etched Si substrate without the inter-
mediate ZnO seed layer yields a silver thin film that has a dramatically improved structural
quality. This Ag film features biaxial texture (see Fig. 5.18). Originally, in such a case a three-
fold symmetry is expected for a cubic lattice but in the present scan of the Ag layer a sixfold
symmetry is observed. This symmetry is due to crystal twinning. As described in Sect. 3.2.1.4,
this effect is fairly common in minerals, metals and alloys. However, it becomes apparent in
Fig. 5.18 that one growth orientation seems to be more favorable (Ψ ≈ {90,210,330} °). To ver-
ify this observation, the measured (200) pole figure peak intensities can be simulated by using
the Bruker Diffrac.Multex software. The recalculation of both growth directions yields a ratio of
59.5/40.5≈ 3/2 confirming the assumption that the differing peak intensities are due to an im-
balance of the growth directions in which the higher intensities result from the growth direction
representing the large fraction.
The additional XRR scans performed on both specimens reveal that the thicknesses of the silver
layers are 13.0 nm in the case with ZnO and 12.4 nm for the sample without ZnO. Hence, with
the measured vdP sheet resistances of 3.1Ω and 4.1Ω, respectively, the following resistivities,
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Figure 5.17: Pole figure of a capped thin silver film with a ZnO seed layer on HF-etched Si. Due to the
chosen Ψ scan range, the measurement resolves the Ag (200) reflection. According to the scan the Ag
film is fiber-textured. Obviously, the HF-etched Si substrate has no influence on the ZnO layer above
and thus does not improve the Ag structure.
4.0µΩcm and 5.1µΩcm, can be calculated. Interestingly, these findings imply that the struc-
tural improvement is not linked with a simultaneous improvement of the electrical properties.
This means that even though it is possible to tailor biaxially textured silver thin films by means
of HF-etched Si the electrical properties cannot be decisively enhanced. In the next section
(Sect. 5.2) the crucial parameters influencing the Ag growth on the different seed layers intro-
duced so far are compared in more detail and an explanatory approach is developed. In order
to extend the analysis of the previously described layer stack containing the biaxially textured
Ag film, a reciprocal space map is recorded. The corresponding reciprocal space map shown in
Fig. 5.19 resolves the Ag (042) reflection which is found at a 2Θ angle of 114.995° compared to
the expected literature position of 115.073°. Hence, using the Bragg equation Eq. 3.10 and the
equation for the interplanar spacing of a cubic lattice Eq. 4.4, the Ag in-plane lattice constant a
can be calculated with the help of the following equation
a = λ
2sinΘ
√
h2+k2+ l 2. (5.2)
With Θ = 57.50 ° and (042), a lattice constant of 4.083 Å can be found. This lattice constant
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Figure 5.18: Pole figure of a capped thin silver film without a ZnO seed layer on HF-etched Si. Based
on the selected Ψ scan range, the measurement only resolves the Ag (200) reflection. The Ag thin
film exhibits a biaxial texture. Due to the threefold symmetry of the cubic lattice, the six reflections
observed are representing crystal twinning, an effect that is fairly common in metals.
matches literature data ranging from 4.067 Å to 4.086 Å [165], [14]. Additionally, it can be com-
pared to the lattice constant 4.078 Å which is resulting from the evaluation of the θ-2θ Ag (111)
reflection at Θ= 19.087 °. All values mentioned above confirm the growth of unstrained, highly
crystalline silver thin films.
Another interesting observation can be made when omitting the ZnO:Al capping layer. In this
case the structural perfection of the Ag film on H-Si is even more evident already in the θ-2θ
scans. As Fig. 5.20 illustrates, Laue fringes can be resolved without the encapsulation. Reasons
for the disappearance of the fringes when employing an encapsulation might be an increased
roughness of the silver film originating from the impinging particles during sputtering or a
weakening of the coherent scattering due to the additional interface. Furthermore, Fig. 5.20
depicts that the resolution can be increased by using the ACC2. On the other hand the applica-
tion of the ACC2 Ge (220) two bounce monochromator is accompanied by an intensity decline
that needs to be considered. Compared to the sputtered seed layers ZnO and NiO discussed
previously, one can wonder why Laue fringes are observed when employing a HF-etched Si
substrate. The formation of Frank partial dislocations has been ascribed to the sputter process
which remains unchanged for the deposition of silver on HF-dipped, highly resistive n-doped
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Figure 5.19: Reciprocal space map of a capped thin silver film on HF-etched Si. The scan shows the
Ag (042) reflection. For the measurement, an asymmetricω-2θ has been performed and the resolved
peak has been analyzed to gather additional information on the in-plane lattice constant a.
Si (111) wafers. Hence, the substrate must have a decisive influence which could be for HF-
etched Si its single crystalline structure combined with the atomically flat surface and the huge
lattice mismatch, that is not reduced as in the case of a ZnO seed layer. Consequently, the
presence of Shockley partial and perfect dislocations is expected due to the lattice mismatch.
As a result, it is envisioned that the stacking fault related to the Burgers vector (1/3) < 111 >
is removed by one of the following dislocation reactions (1/6)[112]+ (1/3)[111] → (1/2)[110]
or (1/6)[121]+ (1/6)[211]+ (1/3)[111] → (1/2)[110] leading to a perfect dislocation. Thus, in
the case of such a tremendous lattice mismatch, it might be beneficial to transform the Frank
partial dislocations with an out-of-plane orientated Burgers vector into perfect dislocations to
compensate the misfit. According to a XRR scan, the film shown is 10.4 nm thick and as a con-
sequence features a resistivity of 5.22µΩcm. This resistivity is comparable to the data obtained
before on H-Si, but it is worse than for any Ag/ZnO system analyzed, independent of the sub-
strate that is used for this particular layer stack. Thus, the measured higher resistivity for Ag
films on HF-etched Si might be a result of the increased number of misfit dislocations.
In summary, the use of HF-dipped, highly resistive n-doped Si (111) wafers results in a remark-
able structural improvement of the silver thin films leading to biaxially textured specimens.
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Figure 5.20: θ-2θ data of uncapped Ag on HF-etched Si. For an uncapped Ag layer Laue fringes can
be resolved in the XRD scans. In the graph, measurements with (purple line) and without (blue curve)
the asymmetric channel cut Ge (220) two bounce monochromator are shown. The pattern taken with
the ACC2 demonstrates the increased resolution due to the monochromator and the inherent inten-
sity loss that amounts to a factor of 3.5.
But although the silver thin films on HF-etched Si show outstanding structural properties in-
cluding the formation of Laue fringes, the obtained resistivity is worse than for comparable Ag
films deposited on ZnO. In contrast to the presented results, an improvement of the electri-
cal properties has been expected due to the better structure. For example, in the case of ZnO
seed layers, enhancing the seed layer texture has led to an improved resistivity of the silver film
(see [38]). Moreover, the formation of Laue fringes requires a smooth and nearly dislocation-
free film as has been discussed in Sect. 3.2.1. In combination with results from a preliminary
Williamson-Hall analysis of the Ag/HF-etched Si layer stack showing a similar lateral coher-
ence length (≈15.8 nm) as in the case of Ag on ZnO, this means that the grain size is not causing
the deteriorating silver resistivity for specimens on hydrogen-terminated Si. Hence, it is pro-
posed that, besides the huge lattice mismatch, the interface negatively affects the resistivity. It
is assumed that this result is due to the energetic relation between film and substrate. A more
detailed examination of the energy relations for all growth templates used is given in the next
section.
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5.2 Investigation of the wetting behavior of silver on different
seed layer systems
After introducing a second possible seed layer stack, namely NiO/ZnO, and subsequent to the
analysis of the HF-etched Si substrate used for silver thin film deposition, the electrical proper-
ties of thin silver films sputtered on top of all previously presented growth templates are closer
examined. The goal is to gain an extensive understanding of the origins causing the different
resistivities observed on the various substrates analyzed. As was previously shown, the resis-
tivity increases for silver films with an identical thickness of around 10 nm from 3.29µΩcm
on ZnO to 4.39µΩcm on NiO and 5.22µΩcm on HF-etched Si. Therefore, in the present sec-
tion a series of experiments to check the percolation limit of the silver thin films on ZnO and
NiO/ZnO seed layers as well as on HF-etched Si substrates is investigated. In this regard, it is
assumed that the differing electrical properties of silver are linked to the percolation limit and
the wetting behavior. Thus, silver layers of different thicknesses were deposited on the differ-
ent substrates. The analysis was done by XRD and van der Pauw four point measurements to
obtain the resistance of the Ag film. For the standard layer stack consisting of a ZnO seed layer
and an Ag functional thin film, the Ag thickness was varied between 0 and 11 nm. The x-ray
pattern confirms the ZnO (002) and the Ag (111) orientation (Fig. 5.21). The development of a
continuous film yielding a percolated conduction path is assumed to take place when the lin-
ear dependency between resistance and thickness is reached. Accordingly, the evaluation of
the resistance data shown in Fig. 5.23 gives a lower limit for the percolation of the silver film
of ≈5 nm. Consequently, the corresponding value is chosen as a first estimation to mark the
percolation limit.
These results are compared to the percolation limit of a silver thin film on a seed layer stack
consisting of ZnO and NiO. The XRD data presented in Fig. 5.22 shows the peaks expected for
the ZnO (002), NiO (200) and Ag (200) texture. One reference sample is included.
The percolation limit of this system is also determined by the evaluation of the silver resistance
data. Again, the formation of a continuous film is expected at the end of the exponential decay
of the resistivity versus thickness behavior. In this case, a higher limit for the percolation of
≈12 nm is obtained as can be found in Fig. 5.23. Next, the resistance data as a function of
thickness for silver films on hydrogen-passivated silicon are included in the graph. Hence, the
same plot shows that the corresponding limit for Ag on HF-etched Si is ≈6 nm.
A more detailed analysis of the percolation limit can be done by performing a so-called Nossek
plot [166]. This method refers to a graph in which the resistivity ρ divided by the layer thick-
ness d is plotted as a function of lnd . Such a Nossek plot enables the determination of the
percolation limit from the reversal point of the slope, that is when the positive algebraic sign
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Figure 5.21: θ-2θ data of Ag films with different thicknesses on identical ZnO seed layers.
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Figure 5.22: θ-2θ data of Ag films with different thicknesses on identical NiO/ZnO seed layers.
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Figure 5.23: Visualization of the sheet resistance (black and gray, square symbols) and the resis-
tivity (dark and light red, round symbols), respectively, as a function of the silver film thickness for
different seed layers. The percolation limit of the Ag film on ZnO is marked with a orange line and
is determined by the beginning of the linear dependency between the plotted values. Based on this
assessment percolation starts at around 5 nm. This is in good agreement with results obtain in the
literature for Ag/ZnO layer stacks. Arbab [132] states that the formation of conductive layers starts
around 5 nm, whereas below this limit only isolated islands exist that are not forming a continuous
polycrystalline film. This result is compared to the percolation limit of a Ag film on a NiO/ZnO seed
layer. The corresponding limit is marked with the green line and is determined to be ≈12 nm by the
end of the exponential dependency of the plotted parameters. In the manner specified, the data for
Ag on H-Si is analyzed. The value is highlighted by the gray line and results in a percolation limit of
roughly 6 nm. An additional conclusion from this graph is that tailoring the wetting behavior could
also have a pronounced influence on improving the silver conductivity at a given film thickness. This
becomes immediately clear when considering the shift of the resistivity curves to lower thicknesses.
As a consequence, the resistivity at the preferred thickness would be minimized. Thus, the figure
highlights the relevance of the percolation limit and the wetting behavior on different seed layers for
the electrical properties of silver.
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Figure 5.24: Nossek analysis of Ag films with varying thicknesses on different seed layers, namely
ZnO, NiO/ZnO and HF-etched Si. The percolation limits can be obtained from the reversal points of
the slope in the measured data that are marked by an orange line in the case of a ZnO seed layer, a
green line for NiO and a gray line for HF-etched Si, respectively. Each thickness is calculated from
the corresponding value of lnd . ZnO yields 5 nm based on lnd = 1.61, NiO leads to 11.9 nm calculated
from lnd = 2.48 and HF-etched Si results in 6.8 nm when using the marked value of lnd = 1.92.
changes to negative. Furthermore, the mean free path as well as the bulk resistivity of a metal
featuring the same structure for all evaluated thicknesses can be calculated from the linear de-
crease of the measured data and the x-axis intercept. The results for all seed layers regarding
the respective percolation limit can be seen in Fig. 5.24. For all systems, the values estimated
before by means of the data shown in Fig. 5.23 are affirmed. The deposition of Ag on ZnO leads
to a percolation limit of 5 nm and on NiO/ZnO a value of 11.9 nm is found. These values can be
compared to the percolation limit of Ag on H-Si which is 6.8 nm. The results for the percolation
limit (≈5 nm) and the corresponding resistivity (<10µΩcm) of the Ag/ZnO layer stack are in
very good agreement with literature data available for the Ag/ZnO system. Arbab [132] reports
the formation of conductive layers for thicknesses around 5 nm. These films show a resistivity
of 10µΩcm. The present study reveals values in the same order of magnitude for both param-
eters. In conclusion, it can be noted that the percolation limit of the silver on the standard seed
layer ZnO is lower than on either the NiO seed layer system or the HF-dipped Si substrate.
From the study of the percolation limit, conclusions can be drawn that are finally unraveling
the growth of silver on varying substrates and in addition naming further important properties
for tailoring the silver growth. Those insights are based on the different wetting behavior of
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Table 5.4: The table summarizes the free surface energies of the most important lattice orientations
of the materials discussed in the present work.
Material (hkl) Surface free energy
Ag (111) 1.17 Jm−2
Ag (200) 1.20 Jm−2
ZnO (002) 1.59 Jm−2
NiO (200) 1.16 Jm−2
H-Si (111) 44.70 mJm−2 [167]
Si (111) 1.24 Jm−2 [168]
silver on the growth templates. Here, the most important parameter for estimating the possi-
ble qualification of a material as a seed layer for Ag is the surface free energy in combination
with the separation energy. According to the aforementioned formulas Eq. 2.11, Eq. 2.12 and
Eq. 2.13, the surface free energy and the separation energy can be used to identify the growth
mode of silver films on different substrates, thus enabling an evaluation of their individual ben-
efit for the application as silver seed layer. For a start, Tab. 5.4 summarizes the corresponding
values of the surface free energy.
The best wetting behavior and as a consequence the best resistivity can be observed for Ag on
ZnO. This result is directly connected to the surface free energies of the materials. The lower
surface free energy of Ag compared to ZnO means an increased tendency for wetting. This
tendency to wet the underlying layer is reduced for the growth of Ag on NiO due to the similar
energies and it is nearly nonexistent for Ag on HF-etched Si. In the latter case the much smaller
surface free energy of hydrogen-passivated silicon leads to a distinct island growth of silver that
is in line with literature findings [159]. As a result the fully percolated silver thin film on top is
very rough and displays holes that are in the same order of magnitude than the layer thickness.
Both effects, the distinct roughness and the appearance of holes, are ascribed to the formation
of large, coalesced Ag islands and both can be seen in a AFM scans Fig. 5.25.
Subsequently, a more detailed analysis of the energies is performed that is based on the equa-
tions Eq. 2.11, Eq. 2.12 and Eq. 2.13 presented previously in Sect. 2.1. As was discussed in this
section, there are other effects besides energetics that can influence the film growth. Never-
theless, due to the literature data cited [60], [59], the focus of the present section is placed on
understanding the energetics driving the film growth on the various substrates. For the three
systems analyzed in the present work, the surface free energies are known and given in Tab. 5.4,
whereas Tab. 5.5 lists the separation or adhesion energies of the corresponding interfaces. Val-
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(a) (b)
Figure 5.25: The AFM scans show the surface topography of a 10 nm thick Ag film that was deposited
on a HF-etched Si substrate. Fig. 5.25(a) provides an overview of a large part of the surface including a
number of holes, whereas Fig. 5.25(b) shows a smaller region of the surface and gives an impression of
the roughness of the Ag film. To that end, please note the height scale which suggests a film thickness
above 10 nm in some surface areas.
ues for the separation energy of the Ag (111)/ZnO (002) system can be found in [40]. Further-
more, adhesion energies for the Ag (200)/NiO (200) as well as the Ag (111)/Si (111) interface are
given in [169] and in [170], [162], respectively. Additionally, it should be noted that the separa-
tion energy for a silver film deposited on a pure silicon wafer without hydrogen-termination is
much higher (compare Tab. 5.4 for the behavior of the surface free energy) [170], [171].
As is already known, a strained (1x1) growth occurs in the Ag/ZnO system. Assuming the most
stable interface for (1x1) growth and a volume relaxed single-interface model, a separation en-
ergy of 2.51 Jm−2 for an Ag/O interface with a Ag atom on an on-top site is given in the afore-
mentioned literature reference [40]. Calculating the corresponding energy difference ∆γ leads
Table 5.5: The table gives an overview of the separation, respectively adhesion, energies used for
calculating the energy differences∆γ of the different layer stacks according to Eq. 2.11 and Eq. 2.12.
Interface Separation/Adhesion energy [Jm−2]
Ag (111)/ZnO (002) 1.12−2.51 [40]
Ag (200)/NiO (200) 0.37 [169]
Ag (111)/H-Si (111) 0.10 [170], [162]
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to Eq. 5.3
∆γZnO = 2 ·γ f −βZnO = (2 ·1.17−2.51) J/m2 =−0.17 J/m2. (5.3)
Thus, for the Ag/ZnO system a weak Frank-van-der-Merve layer-by-layer growth is expected
based on the chosen separation energy of 2.51 Jm−2. This result is in good agreement with the
low percolation limit noticed in Fig. 5.23 and Fig. 5.24. The preference for layer-by-layer growth
explains the low resistivity and the formation of a closed conduction path at an early stage of
the film growth. Using Eq. 2.11 and Eq. 2.12 is resulting in
∆γNiO = 2 ·γ f −βNiO = (2 ·1.20−0.37) J/m2 = 2.03 J/m2 (5.4)
for Ag/NiO as well as
∆γH-Si = 2 ·γ f −βH-Si = (2 ·1.17−0.10) J/m2 = 2.24 J/m2 (5.5)
for Ag on a H-passivated Si (111) surface. Both values are above zero, thus it is expected that
the corresponding systems feature Volmer-Weber island growth. Furthermore, both aforemen-
tioned energy differences ∆γNiO, ∆γH-Si are even bigger than the energy difference ∆γZnO =
1.22 Jm−2 which was calculated by using the lowest separation energy of 1.12 Jm−2 given in
[40]. In this case, the Volmer-Weber island growth is also anticipated for silver on zinc oxide.
Consequently, the results are in line with the expectations of the percolation study, even when
considering different separation energies for the Ag/ZnO system. Based on the experimental
data for the different seed layers, a growth model can be developed and the differing percola-
tion limits as well as the varying resistivity values for the coalesced silver films can be explained.
A sketch visualizing the state of the Ag film on top of the different seed layers at the exact mo-
ment when the percolation limit is reached is shown in Fig. 5.26.
Considering the surface free energy, the previously calculated energy difference according to
Bauer’s criterion as well as the AFM scans and the vdP measurements, the Ag/H-Si model in-
cludes a rough surface and exhibits holes. Both properties originate from the merging of big
Ag islands forming on a substrate having a much smaller surface free energy. Hence, due to
resulting holes and the surface roughness, it is expected that the resistivity of a thin silver film
on H-Si is higher compared to identical films on ZnO or NiO. This consideration is in line with
the experimental results shown in Fig. 5.23. In contrast, the lowest percolation limit is antici-
pated and observed in the case of a ZnO seed layer due to the favorable energy relation. Hence,
in agreement with the calculations and the thermodynamic criterion, which revealed the low-
est energy difference ∆γ for the Ag/ZnO system, the silver film on zinc oxide simultaneously
yields the lowest Ag resistance. By comparison, the formation of a conductive Ag layer on NiO
is found to take place at larger layer thicknesses and results in a rougher film surface. Based
on the energy criterion presented before, no layer-by-layer growth is expected. Furthermore,
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Figure 5.26: Growth models for Ag films on different underlying substrates, namely ZnO, NiO and
HF-etched Si. The sketch combines the theoretical expectations based on the surface free energies
and the separation energies with the experimental data obtained by vdP and AFM measurements.
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it is predicted that the growth of Ag on NiO exhibits a weaker tendency to form island-shaped
clusters compared to the Ag/H-Si system. Nevertheless, this tendency for island growth is still
stronger as for the Ag/ZnO system featuring the lowest separation energy. All those observa-
tions are combined in Fig. 5.26 and leading to the different growth models of Ag on ZnO, NiO
and H-Si.
In summary, the concept that solids are striving to minimize their energy has been successfully
applied to explain the behavior found when growing silver on different seed layers. Thereby,
the definition has been confirmed that materials with a high surface free energy are easily wet
by materials with a lower surface free energy, but not the other way around. Moreover, taking
into account the results presented in chapter 4, the conclusion can be drawn that even if a
silver thin film wants to wet a certain substrate as in the case of silver on zinc oxide, it is still
necessary to simultaneously arrange for a seed layer having the smallest possible mismatch
with the functional thin film to achieve the desired enhanced electrical properties.
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Summary
In the present work, the goal has been to improve the resistivity of silver thin films particularly
with regard to their application as low-E coating in architectural glazing. In this context, several
contributions deepening the understanding of the Ag/ZnO system have been made.
Firstly, TEM measurements have been introduced to unravel the atomic arrangement of thin
silver films on zinc oxide seed layers. It has been found that the strained zinc oxide layers
deposited with the available coaters lead to an interface that represents a mixture of the (1x1)
and (9x8) growth modes. Due to the strained seed layer below, an improved lattice match is
obtained. It has been shown that the minimized mismatch results from the elastic behavior of
the ZnO lattice constants. Thus, the strain observed in XRD scans is connected to an increased
interplanar spacing that leads to an increased out-of-plane lattice constant and has been linked
by TEM analysis to a decreased in-plane lattice constant. Furthermore, the growth orientations
of both layers as well as their relationship to each other has been identified.
In addition, the value of XRD techniques for the evaluation of such a Ag/ZnO layer stack has
been proven. First of all, the previously stated elastic behavior of the ZnO lattice constants
observed in TEM could be verified by XRD measurements. Special emphasis has been put on
the implementation of the 2θ and ω Williamson-Hall method. The validity of the concept has
been demonstrated by analyzing a 91 nm thick Ag film. To apply the technique in the case
of silver thin films, statistics have been gathered focusing on the reproducibility of the XRD
measurements and the sample fabrication. In doing so, the impact of the lateral grain size on
the resistivity improvement, that is observed for annealed silver films, has been established.
Moreover, the importance of the lattice mismatch for improving the electrical properties of sil-
ver films has been firmly established. In this context, different parameters affecting the silver
resistivity have been discussed. It is found that the silver grain size, which has been deter-
mined by planar TEM, as well as the zinc oxide surface roughness of silver films deposited onto
strained and unstrained seed layers show no correlation with the silver resistivity. In contrast,
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the structural analysis by XRD measurements reveals a clear trend. Due to the correlation be-
tween strain and lattice parameters unraveled via TEM, the distinct improvement of the silver
resistance can be linked to a reduced lattice mismatch of the Ag and ZnO lattices. Hence, it is
concluded that the strain, which is introduced into the zinc oxide layer already during deposi-
tion, alters the dislocation density in the subsequently deposited silver layer. In agreement with
the TEM analysis in which it was neither possible to identify single dislocations nor to resolve
an exact dislocation density, it is presumed that the dislocations either form grain boundaries
or move to already existing grain boundaries. Consequently, these misfit dislocations, which
possess a Burgers vector located in the (111) plane, are detrimental for the charge transport.
Thus, the minimization of the number of dislocations, which occur during film growth, by ap-
plying a suitably strained zinc oxide layer enables the fabrication of improved silver thin films.
The results ultimately confirm the until now only assumed influence of dislocations on the
electrical properties of silver thin films. As a consequence of the findings discussed, it is con-
cluded that grain boundary scattering is responsible for both the decreasing resistivity which
can be achieved by heating and the improved electrical properties that are obtained by tailoring
the lattice match.
However, the importance of dislocations is not only apparent from their impact on the electri-
cal properties but also from their influence on the structural data. For most of the silver films
sputtered on zinc oxide, no Laue fringes could be observed. Since deviations from the mean
film thickness could be ruled out as the possible origin, dislocations with a Burgers vector par-
allel to the growth direction have to be responsible for the weak or absent Laue fringes. In fcc
metals, the presence of Frank partial dislocations is frequently observed. As required, these dis-
locations have an out-of-plane component and arise under irradiation with energetic atomic
particles which makes their formation in sputtered metal films highly likely.
Additionally, different alternative seed layers have been introduced in the course of this work.
A detailed investigation of the silver properties obtained on NiO and HF-etched Si layers has
been conducted. Structural changes regarding the silver thin film growth on both substrates
have been observed. In detail, silver films featuring a pronounced (200) texture can be pro-
duced on NiO, whereas the structural quality of (111) textured silver thin films can be drasti-
cally enhanced on HF-etched Si (111) substrates. Furthermore, the experimental results show
that the wetting behavior of silver on all three seed layers tested in the course of the present
thesis is different. Considering the surface free energies of the different materials and linking
those to the performed percolation studies allows a comprehensive description of the growth
mode of silver on the different seed layers.
In summary, the identification of additional important parameters for tailoring the growth of
silver thin films, namely lattice mismatch and surface free energy, by exploring the impact
of different seed layers was successful. Furthermore, the influence of dislocations and grain
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boundaries has been discussed and the value of complex XRD and TEM measurements for the
evaluation of silver films and seed layers has been proven.
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Outlook
The conducted studies introduce several further approaches for improving thin silver layers.
One of the main tasks remaining is the identification of a suitable analysis technique, besides
TEM imaging, for resolving and determining strains as well as dislocation densities and grain
boundaries in the silver thin films. For the latter, an electrical analysis of discontinuous silver
films according to [144] is proposed.
Furthermore, testing additional seed layers might be extremely interesting. With the gained
knowledge regarding the impact of lattice mismatch and surface free energy on the silver thin
film formation, it might be possible to identify better seed layers for silver thin film growth.
For achieving the optimum Ag film properties, substrates with cubic rock salt or hexagonal
wurtzite structure are of particular importance. Thus, one very promising candidate is magne-
sium oxide (MgO) which has a rock salt crystal structure like NiO and a small lattice mismatch
of −3.1 % when comparing Ag (100) and MgO (100) [172]. In addition, it exhibits an optical
band gap of 7.7 eV [173] and can be deposited in room temperature processes featuring a (100)
or (111) out-of-plane texture. Due to a comparable surface free energy [155] as well as the
Volmer-Weber island growth claimed in most studies according to [43], it is expected that the
silver wets the MgO similar to the NiO. However, the most promising feature of MgO is the pos-
sibility to achieve biaxial texture for both out-of-plane orientations [174], [175]. Therefore, it
might be possible to combine the superior structural properties observed for silver grown on
HF-etched Si with the comparatively acceptable wetting behavior found for silver deposited on
a NiO seed layer. The goal would be to achieve even better electrical properties for the silver
films produced in the future as for the Ag/ZnO system.
Another point of interest could be the modification of the introduced ZnO and NiO seed lay-
ers through doping to realize an even better substrate with a smaller lattice mismatch for the
subsequent silver deposition. Thereby, the limits of the resistivity improvement of silver due to
lattice mismatch minimization could be explored and maybe exploited later on.
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Chapter 7: Outlook
Besides considering approaches to further improve silver thin films, it might be interesting to
study the NiO/ZnO interface more closely. As has been stated, the determination of the exact
orientation of the NiO film with respect to the ZnO substrate remains unclear so far. Hence,
a more detailed investigation trying to gather parameters governing the NiO growth on ZnO
and exposing links between those is proposed. Especially, TEM measurements could be help-
ful in unraveling the atomic arrangement. In addition, making use of the Ion Beam Assisted
Sputtering (IBAS) process available at the Institute could provide additional, valuable insights
regarding the impact of ion bombardment on the resulting film properties. Eventually, it is
envisioned that the use of the ion beam might result in a biaxially textured NiO film.
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A.1 Analysis of the reproducibility of reactively sputtered zinc
oxide seed layers
In the present work, a closer look at the ZnO seed layers reveals that efforts have to be under-
taken to improve the reproducibility of the corresponding ZnO layers deposited in the MYTHIC
sputter chamber. The challenge that has to be overcome can be seen in Fig. A.1. The figure dis-
plays θ-2θ XRD data of ZnO samples sputtered under the same standard conditions. For the
sputter equipment used, the following ZnO fabrication parameters are chosen in general: A
sputter current of 500 mA and a total pressure of 0.35 Pa are employed. Sputtering is carried
out with a planar 3 inch (75 mm) metallic Zn target in a reactive DC magnetron sputter pro-
cess. Since target aging leads to a change in deposition parameters, the oxygen flow or the
oxygen partial pressure of the argon/oxygen atmosphere needs to be adjusted to compensate
for the target age. 21 out of 24 possible samples were sputtered in the corresponding series.
The remaining three sample positions were occupied by normal microscope slides that were
used as blank substrates during the pre-sputtering. The term pre-sputtering defines the pro-
cess of finding the ideal working point for the following sample deposition as previously stated
in Sect. 3.1.2. By default the substrates are coated in a static deposition process.
To quantify the variation of the ZnO deposition process, a parameter ∆I is defined. The calcu-
lated variation of the XRD data shown in Fig. A.1 adds up to 47 %. The variation is defined as
∆I = Imax − Imi n
Imax
= 1− 56
106
= 47%, (A.1)
where Imax and Imi n are the maximal and minimal XRD intensities measured for series D2X
and displayed in Fig. A.1. Since the substrate holder is slightly bent, this is a potential cause
for the observed differences in structural quality. To test this hypothesis, ZnO films have been
sputtered at different substrate holder positions. To realize this, the pre-sputter positions are
changed. Normally, the same three substrate positions are always used. These are labeled 1,
2 and 3 in Fig. 3.6. For the above mentioned purpose, three new pre-sputter locations have
been arbitrarily selected. Starting from the original positions, the newly chosen ones are on
I
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Figure A.1: Variation of the ZnO (002) 2Θ peak for samples sputtered in the same sputter run. 21 out
of 24 sample positions provided by the substrate holder were occupied by samples. No intentional
change of the sputter parameters was undertaken during deposition, hence all the samples should
be identical.
the positions 9, 10 and 11. This means that the locations for the pre-sputtering are shifted
by 120°. In the following, the original positions are designated as old sample positions and
specimens sputtered in processes featuring the changed pre-sputter locations are still referred
to with respect to the standard positions 1, 2 and 3.
Repeating the fabrication process with changed pre-sputter positions is leading to the result
plotted in Fig. A.2. In this graph, the x-ray diffraction data of θ-2θ measurements performed
on the corresponding samples is presented. In this case, the variation is
∆I = Imax − Imi n
Imax
= 1− 11
34
= 68%. (A.2)
Besides the local variation observed in both sputtering series, there is also a striking difference
between the two series regarding the maximum peak intensity of the ZnO (002) XRD reflex. In
Fig. A.3, higher peak intensities can be observed compared to Fig. A.4. This effect is ascribed
to target aging of the metallic Zn target in the reactive sputter process. Thus, the chronologi-
cal order of sputtering is important and it shall be highlighted that the samples were sputtered
starting with series D2W, D2X and subsequently, after the deposition of further specimens in
other series, D3I. Consequently, the reason for the observed intensity variation is the forma-
II
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Figure A.2: Variation of the ZnO (002) 2Θ peak for samples sputtered in the same sputter run but
with changed pre-sputter positions. 21 out of 24 positions were occupied by samples. No intentional
change of the sputter parameters has been performed during the fabrication, hence, all the samples
should be identical.
tion of a pronounced racetrack that leads to differences in the intensity and the direction of the
negative oxygen ion bombardment during sample deposition. This has already been shown
explicitly in the literature ([42], [63]) and the negative impact of oxygen bombardment on film
properties has been already mentioned in Sect. 3.1.1. The pronounced differences in the XRD
data of samples sputtered from an old and a new target are discussed in [63]. In this context,
it is noteworthy that in comparison to the cited literature the sample size used here was only
20×20 mm2. One can conclude from the discussions in literature that the ion bombardment
taking place during the deposition of the present samples has caused the decline in sample
quality. As can be read in [63], the peak intensity of the ZnO (002) reflection measured in the
center of two different samples sputtered from an old and a new target varies distinctly. Fur-
thermore, the cited literature convincingly argues that one can already observe the influence
of the ion bombardment on a single sample sputtered from a new target. If one compares the
corresponding literature data, it is evident that the peak intensity decreases for areas exposed
to the most intense ion bombardment. Further measurements regarding the correlation be-
tween XRD scans and the influence of the racetrack will be performed to prove the correlation
between these parameters for the sputter geometry used in this work.
Subsequently, both series were repeated and the XRD data obtained are illustrated in Fig. A.3
III
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Figure A.3: Analysis of the XRD ZnO (002) intensities and peak areas for two different series. Only
the even positions were regarded in the analysis. The differently colored squares are highlighting the
observed trends especially in comparison to the results plotted in Fig. A.4 for changed pre-sputter
positions. For further explanations see text.
and Fig. A.4. Here, the ZnO (002) peak intensities and areas are analyzed and compared. To this
end, the data is color marked. If one compares the blue squared areas, it becomes obvious that
the values for intensity and peak area are higher for the originally used pre-sputter positions.
The opposite behavior can be seen for locations marked with red squares. In this case, the
change of the pre-sputter locations is leading to an increase of the intensities and peak areas.
The green squares are marking positions that are exhibiting the same trends for both series.
Notably, the pronounced parameter decrease at sample position 18 is striking as well as the
commonly occurring improved properties on position 8. These features are likely due to an
influence of the substrate holder. The behavior marked in blue and red is assumed to be due to
local heating of the holder during pre-sputtering. This effect of unintentional warming mainly
affects the adjacent sample positions, thus resulting in better structural properties. Hence, this
is the reason why the specimens next to the pre-sputter positions are always displaying higher
intensities and peak areas (compare blue square Fig. A.3 and red square Fig. A.4). Moreover,
this explains why the samples highlighted within the blue and red areas in Fig. A.3 are of the
same structural quality, whereas the corresponding markings in Fig. A.4 possess a gradient.
These conclusions can be further analyzed using a thermocouple. Therefore, a heater with
a thermocouple was installed before the deposition. The thermocouple measures the tem-
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Figure A.4: Analysis of the XRD ZnO (002) intensities and peak areas for two different series sput-
tered with changed pre-sputter positions. Only the even positions were considered in the analysis.
The differently colored squares are highlighting the observed trends especially in comparison to the
results plotted in Fig. A.3. For further explanations see text.
perature at the heater directly above the sample and indicates that the maximum temperature
reached inside the chamber is around 60 ◦C. Furthermore, it documents that the temperature is
higher at the pre-sputter positions and indeed decreases for samples farther away (see Fig. A.5).
Since a new metallic Zn target was used for the deposition, the corresponding figure Fig. A.5,
which reveals increased ZnO XRD intensities, also verifies the influence of the racetrack and
the ion bombardment, respectively.
To provide further evidence for an influence of the temperature due to pre-sputtering, a series
of intentionally heated samples was fabricated under exactly the same sputter conditions. A
substrate temperature of 150 ◦C for a series with changed pre-sputter positions was chosen.
This temperature is definitely higher than the temperatures reached during the pre-sputtering.
Hence, for this substrate temperature only a marginal effect through local warming is expected.
Fig. A.6 gives an overview of the related XRD patterns and demonstrates the improved homo-
geneity of the deposition process. It is already evident from the graph that the variation de-
creases visibly and the conclusion is confirmed by calculating the variation ∆I :
∆I = Imax − Imi n
Imax
= 1− 147
181
= 19%. (A.3)
In addition, the in-situ annealing of samples causes an improved crystal quality since the seed
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Figure A.5: θ-2θ scans of ZnO samples belonging to the same sputter run. Before the deposition, a
thermocouple was installed in the chamber enabling the recording of the sample temperatures. The
highest temperatures are measured for substrates directly next to the pre-sputter positions. With
increasing distance from these locations respectively higher sample numbers, the temperature de-
creases. For the shown samples, the changed pre-sputter positions were used as well as a new metal-
lic Zn target. The use of the new target explains the increased ZnO XRD intensities, thus verifying
the influence of the racetrack and the ion bombardment on the structural properties of ZnO, respec-
tively.
layers have a more pronounced, even enhanced texture. The XRD data has been also analyzed
in more detail and the resulting dependency on the sample positions is shown in Fig. A.7. The
continuous gray line highlights the mean value of the ZnO (002) peak intensities, whereas the
dotted gray lines mark the region of one standard deviation corresponding to a difference of
±6 %. As can be observed, the only values that are diverging from the one standard deviation
range are belonging to the positions 8 and 18. These are exactly the positions that could be
identified in the unheated runs before as the positions leading to the biggest variations.
The peculiarity of these two positions also becomes apparent when samples of an unheated
and a tempered series are compared. Corresponding data is displayed in Fig. A.8. It is noticed
that the properties of the samples on position 8 are improved and the ones on position 18
are deteriorating. The red square points out the specimen that has been sputtered in a room
temperature process directly next to the pre-sputter locations and therefore features superior
properties compared to other samples of the same series.
In summary, it could be shown that the challenges regarding the reproducibility of ZnO seed
VI
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Figure A.6: Variation of the ZnO (002) 2Θ reflections of samples deposited in the same sputter run.
The pre-sputter positions were changed and in addition, all samples were deposited in a heated pro-
cess. The chosen heating temperature was 150 ◦C. 11 samples were sputtered at the even positions of
the holder. No intentional change of the sputter parameters was performed during the fabrication,
hence all the samples should be identical.
layers are mainly due to two effects: The local heating of samples in the immediate vicinity of
the pre-sputter locations and more important the slightly bent and uneven sample holder lead-
ing to the distinct differences for positions 8 and 18. In the light of these findings, one can think
of two different approaches to tackle these challenges: Building a new substrate holder and/or
heat the samples during deposition to temperatures around 100 ◦C. Since the construction of
an optimized new sample holder would be time-consuming, the existing holder was corrected
mechanically. As a result, the sample stage is nearly perfectly plane again. In a next step, a
new sputter run followed by an analysis of the deposited samples is performed to determine
if the mechanical straightening has been sufficient to improve the reproducibility of the data
obtained or if the fabrication of a new sample holder is still required. The result for a layer stack
consisting of a ZnO:Al capping sputtered from a ceramic target, a functional Ag film and a ZnO
seed layer is shown in Fig. A.9.
The graph does not only display the ZnO peak but the peaks due to the Ag film and the ZnO:Al
capping layer on top are also visible. Nevertheless, the main focus rests on the ZnO peak that
can be identified as a shoulder of the ZnO:Al peak. The ZnO:Al peak can be found at roughly
34.1° and therefore lies below the expected literature peak position of 34.4°. The observed peak
variation of ZnO is much smaller compared to the fluctuations measured before the mechan-
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Figure A.7: Analysis of the XRD ZnO (002) intensities and peak areas for a series sputtered with
changed pre-sputter positions and intentional substrate heating up to 150 ◦C. Only the even positions
were regarded in the analysis. The differently colored squares are highlighting the observed trends
especially in comparison to the results obtained in the analysis of the XRD data shown in Fig. A.3 and
Fig. A.4. For further explanations see text.
ical straightening of the sample holder and shows no significant improvement for the sample
deposited on position 8. In the present case, the variation is already significantly reduced to
∆I = Imax − Imi n
Imax
= 1− 44
62
= 29%. (A.4)
without additional heating. Further improvements of the ZnO reproducibility are expected for
the simultaneous annealing of the growing films at a constant temperature.
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Figure A.8: Comparison of the XRD ZnO (002) peak intensities for a heated and an unheated series
of sputtered ZnO samples. It is obvious that sample position 8 leads to an increase in intensity and
position 18 to a decrease. The red square marks the improved intensity of a sample due to unin-
tentional heating during pre-sputtering. The reason for this improvement is the local heating of the
neighboring sample locations.
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Figure A.9: Comparison of the XRD ZnO peak intensities for a series of five samples deposited af-
ter the mechanical correction of the bended sample holder. The mechanical straightening was per-
formed in line with the upgrade of MYTHIC. In the graph, the peaks originating from the Ag film and
the ZnO:Al capping layer are visible, too. Nevertheless, the main focus rests on the ZnO peak that is
visible as a shoulder of the ZnO:Al peak below the expected literature peak position of 34.4°. The ob-
served peak variation is much smaller compared to the fluctuations measured before the mechanical
straightening of the sample holder and shows no significant improvement for the sample deposited
on position 8.
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